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CHAPTER I. GENERAL INTRODUCTION 
Biotin and Biotin-containing Enzymes 
Biotin, also known as vitamin H and Bg, is an essential water-soluble vitamin and is 
required for life by all living organisms. It covalently attaches to enzymes by an amide bond 
to the E-group of a lysine residue (Figure 1 ), and works as a flexible arm to carry the 
carboxyl group between catalytic sites of multifunctional enzymes in a series of metabolic 
reactions. However, the biosynthesis of biotin occurs only in plants, most bacteria, and some 
fungi. Thus most fungi and all animals must obtain biotin from their food. Since the 
identification of biotin as a growth factor in 1901 and the isolation of biotin from egg yolk in 
1936 (Kogl and Tonnis, 1936), biotin and biotin biosynthesis have been receiving constant 
attention (Moss and Lane, 1971; Eisenberg, 1973; Pai, 1975; Wood and Barden, 1977; 
Lynen, 1979; Izumi et al., 1981; Ploux and Marquet, 1992; Ploux et al., 1992; Alexeev et al.. 
1994; Ifukuetal., 1994; Huang et al., 1995; Birch et al., 1995; Patton et al.. 1996). Because 
of the uniqueness of biotin biosynthesis to plants and many bacteria, enzymes in biotin 
biosynthetic pathway are potential targets of anti-bacterial drugs and herbicides. 
Despite the importance of biotin to life, only a small number of enzymes are 
biotinylated. Based on their function, biotin-containing proteins can be classified into three 
groups, carboxylases, decarboxylases, and transcarboxylases (Moss and Lane, 1971; 
Dakshinamurti and Gauhan, 1989; Knowles, 1989). The reactions they catalyze are 
summarized in Figure 2. E. coli contains only one biotin-containing carboxylase, acetyl-CoA 
carboxylase (Fall, 1979). All eukaryotic biotin-containing proteins are carboxylases, 
including acetyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase, pyruvate 
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carboxylase, propionyl-CoA carboxylase, geranyl-CoA carboxylase and urea carboxylase. A 
carboxylase transfers a carboxyl group from bicarbonate to a receptor substrate; biotin acts as 
a carboxyl carrier. ATP is a requirement for this type of reaction. Reactions catalyzed by the 
decarboxylase and transcarboxylase do not require ATP. The reactions catalyzed by 
decarboxylases are coupled with translocation of Na+ from the cytoplasm to the outside of 
the cell (Stern, 1967; Dimroth, 1980,1997; Buckel, 2001). They are found in certain 
Bacteria grown under anaerobic conditions. Examples of decarboxylases are oxaloaceteate 
decarboxylase, methylmalonyl-CoA decarboxylase and glutaconyl-CoA decarboxylase. The 
only known biotin-containing transcarboxylase is found in Propionibacteria shermanii 
(Wood and Kumar, 1985), which transfers a carboxyl group from methylmalonyl-CoA to 
pyruvate, a step in propionic acid fermentation. 
All biotin-containing enzymes contain three functional domains: biotin carboxylase 
(BC), biotin-carboxyl-carrier (BCC) and carboxyltransferase (CT). By the localization of 
these three domains either on one polypeptide or on different polypeptides, biotin-containing 
enzymes can be structurally classified into three forms (Figure 3): (1) Heteromeric form. 
The three domains of this form of biotin-containing enzyme, BC, BCC and CT, are three 
distinct, dissociable subunits. For example, acetyl-CoA carboxylase from E. coli (Guchhait 
et al., 1974; Kondo et al., 1991; Li and Cronan, 1992a, 1992b) and plant plastids (Sasaki et 
al., 1993; Choi et al., 1995; Shorrosh et al., 1995,1996; Sun et al., 1997; Ke et al.. 2000) are 
of the heteromeric form. (2) Intermediate form. Enzymes of this form combine BC and 
BCC on one polypeptide, and CT is on a distinct polypeptide. This form of enzyme includes 
3-methylcrotonyl-CoA carboxylase from plants (Chen et al., 1993; Alban et al., 1993; Diez et 
al., 1994; Wang et al., 1994; Song et al., 1994; Weaver et al., 1995; McKean et al., 2000) and 
animals (Lau et al.. 1980), acetyl-CoA carboxylase from nematodes and Streptomyces. 
propionyl-CoA carboxylase, and pyruvate carboxylase from Pseudomonas citronellolis 
(Utter et al., 1975). (3) Homomeric form. In this form, a single polypeptide contains all 
three functional domains. Some examples of this form of enzyme are acetyl-CoA 
carboxylase from animals and yeast (Lopez-Casillas et al., 1988; Takai et al., 1988; Walid et 
al., 1992), and plant cytosol (Mishina et al., 1976; Sasaki et al., 1995; Yanai et al., 1995). and 
urea carboxylase from yeast (Sumrada and Cooper, 1982; Genbauffe and Cooper. 1991). 
Acetyl-CoA Carboxylase 
Acetyl-CoA carboxylase (ACCase, EC 6.4.1.2) catalyzes the carboxylation of acetyl-
CoA to produce malonyl-CoA, driven by the hydrolysis of ATP. Malonyl-CoA is the direct 
precursor for fatty acid synthesis. This biotin-containing enzyme plays a critical role in the 
control of fatty acid biosynthesis and in the regulation of the flux through this pathway in 
bacteria, yeast and animals (Vagelos, 1971; Lane et al., 1974; Wakil et al., 1983; HaBlacher 
et al., 1993; Li and Cronan, 1993). All three structurally different forms of ACCase exist in 
nature. Heteromeric ACCase, which was first found in E. coli. is a multi-polypeptide 
complex, the three domains located on three separable subunits (Figure 3 A; Li and Cronan. 
1992a, 1992b). Homomeric ACCase exists in yeast (Walid et al., 1992), Ustilago (Bailey et 
al., 1995), animals (Lopez-Casillas et al., 1988) and humans (Ha et al., 1994). The three 
domains of these enzymes are physically inseparable (Figure 3C). ACCases in nematode 
Turbatrix aceti (Meyer et al., 1978) and in Streptomyces erythreus (Hunaiti and Kolattukudy, 
1982), have an intermediate form (Figure 3B). The BCCP and BC domains are on a single 
polypeptide, while the CT on another separate polypeptide. 
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In plants, which form(s) of ACCase exist(s) had been a biological mystery since the 
1970s. Early experiments suggested that there was a heteromeric prokaryotic-like form of 
ACCase in spinach chloroplasts (Kannangara and Stumpf, 1972). However, it could never be 
purified, and all the purified ACCase from plants were shown to be of the homomeric form. 
This mystery was not solved until 1994 (Konishi and Sasaki, 1994; Alban et al., 1994). By a 
combination of two groups of herbicides and new biological technology, it was finally 
concluded that both forms of ACCase exist in dicots, and they are compartmentalized in 
different organs, heteromeric ACCase in plastids and homomeric ACCase in cytosol. 
However, grasses have only one form of ACCase, homomeric ACCase. They have two 
isozymes of homomeric ACCase though, one in the cytosol and one in the plastids (Egli et 
al., 1993; Gomicki et al., 1994; Konishi et al., 1996). 
The plastidic and cytosolic forms of plant ACCase play different roles in the cell 
(Choi et al.. 1995; Yanai et al.. 1995; Kozaki and Sasaki. 1999). Various lines of evidence 
indicate that plastidic ACCase provides a major control and a rate-limiting step for de novo 
fatty acid biosynthesis in plants (Nikolau and Hawke, 1984; Post-Beittenmiller et al., 1991, 
1992; Page et al., 1994; Sasaki et al., 1997; Savage and Ohlrogge, 1999; Ke et al., 2000). 
This form of ACCase consists of four different polypeptides, two polypeptides. BC and BCC. 
each forms one subunit, and two polypeptides, CT-a and CT-p, form the CT subunit. The 
genes for these four polypeptides are named CACI for BCC, CAC2 for BC, CAC3 for CT-a 
and accD for CT-|3 in Arabidopsis (Choi et al., 1995; Sun et al., 1997; Bao et al.. 1997: Ke et 
al., 1997,2000). AccD is in the plastome; CACI, CAC2 and CAC3 are nuclear genes. 
Recently a second BCC gene, called CAC1-B (and thus the previously identified gene is 
called CACI-A) was identified in Arabidopsis. The deduced polypeptides of the two BCC 
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proteins have a 42% amino acid identity. CACl-A is expressed throughout development, 
whereas CACI-B is expressed predominantly in the seeds (Ke et al., 2000; Thelen et al.. 
2000). Homomeric, cytosolic ACCase has all three functional domains present on a single 
polypeptide chain (Yanai et al., 1995). Malonyl-CoA in cytosol is not the precursor for de 
novo fatty acid synthesis, but rather for the elongation of fatty acids and the synthesis of a 
variety of phytochemicals, including epicuticular waxes, suberins, flavonoids, stilbenoids, a 
variety of malonylated chemicals, and free malonic acid (Conn, 1981; Nikolau et al., 1984). 
3-Methylcrotonyl-CoA Carboxylase 
3-Methylcrotonyl-CoA carboxylase (MCCase, EC 6.4.1.4) is a biotin-containing 
enzyme that catalyzes the ATP-dependent carboxylation of 3-methylcrotonyl-CoA to form 3-
methylglutaconyl-CoA. MCCase is among the first enzymes that have been shown to 
contain and utilize biotin for catalysis (Lynen et al., 1959; Moss and Lane. 1971), and helped 
to elucidate the biochemical function of biotin as a catalytic cofactor that carries an 
intermediate carboxyl group. MCCases from bacteria and animals have been extensively 
studied (Fall and Hector, 1977; Fall, 1981; Lau et al., 1979, 1980; Lau and Fall, 1981; 
Schiele et al.. 1975; Schiele and Lynen, 1981). They appear to have a similar, intermediate 
structural form (Figure 3B). The bacterial MCCase has a 014P4 structure (Fall and Hector, 
1977; Schiele et al., 1975). MCCase purified from bovine kidney has a structure, with 
the larger biotinylated subunit of 73 kDa and smaller subunit of 61 kDa, and the native 
enzyme was determined to have a size of 835 kDa (Lau et al., 1979). 
In bacteria and animals, MCCase is located in mitochondria, the reaction catalyzed by 
this enzyme is required in several connected pathways: Leu catabolism, isoprenoid 
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catabolism and the mevalonate shunt (Figure 4). In the Leu catabolism pathway, Leu is first 
converted into a-ketoisocaproate by a transamination reaction and then to isovaleryl-CoA. 
The isovaleryl-CoA is subsequently converted into 3-methylcrotonyl-CoA by 
dehydrogenation (Hector and Fall, 1976a, 1976b). MCCase, the fourth enzyme in the 
pathway, catalyzes the carboxylation of 3-methylcrotonyl-CoA to form 3-methylglutaconyl-
CoA, which is further hydrated to produce 3-hydroxy-3-methy Iglutaryl-Co A (HMG-CoA). 
HMG-CoA is lysed to produce the final products of this pathway, acetoacetate and acetyl-
CoA (Bach et al., 1989). The last three reactions are shared by mevalonate shunt and 
isoprenoid catabolism pathway (Bach, 1995; Edmond and Popjak, 1974; Holzinger et al.. 
2001; Kelley et al., 1995; Overton, 1985; Popjak, 1971). 
Leu is a common amino acid with high levels in most seed storage proteins. The 
degradation of Leu provides nitrogen to synthesize new amino acids and is a carbon source 
during early plant growth and development. The final product of Leu catabolism. acetyl-
CoA, has a variety of roles in plant cells. It could join the TC A cycle to produce ATP. or be 
used for the biosynthesis of carbohydrates and fatty acids. Compared to bacteria and 
animals, information on Leu catabolism in plants is much more limited. Not until 1990. was 
MCCase activity found to exist in plants (Wurtele and Nikolau, 1990). Since then MCCases 
in different plants have been purified and characterized (Alban et al., 1993; Chen et al., 1993; 
Wang et al., 1995; Diez et al., 1994; Baldet et al., 1992; Aubert et al., 1996; Maier et al.. 
1998), and the cDNAs and genomic clones for the two subunits of MCCase, the biotinylated 
carboxylase subunit MCC-A, and the non-biotinylated carboxyltransferase subunit MCC-B. 
have been cloned and characterized (Song et al., 1994; Wang et al., 1994; Weaver et al., 
1995; McKean et al., 2000). It has been demonstrated that plant mitochondria may 
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metabolize Leu in a similar pathway as in animals by investigating the intermediate 
metabolites of radioisotopically labeled Leu and NaHCO; in isolated plant mitochondria 
(Anderson et al., 1998). Marinier et al. (1987) have provided evidence of a mevalonate shunt 
in plants. Recently geranoyl-CoA carboxylase was identified and purified from plants, 
indicating that plants may use a similar pathway to catabolize isoprenoids as in bacteria 
(Guan et al., 1999). 
Uniquely in plants, in vitro studies showed that Leu could be metabolized in 
peroxisomes via a free acid pathway that does not require MCCase (Gerbling, 1993: Gerbling 
and Gerhardt. 1988, 1989a. 1989b). In this pathway. 3-methylcrotonyl-CoA is catalyzed to 
form 3-methylcrotonic acid and free CoA by hydration. 2-Hydroxyisoaleric acid and 2-
ketoisovaleric acid are formed from 3-Methylcrotonic acid by hydration and oxidation. 2-
Ketoisovaleric acid is then activated into isobutyryl-CoA by oxidative decarboxylation. 
Isobutyryl-CoA is catabolized to form acetyl-CoA in the peroxisome via PP-CoA through a 
pathway similar to p-oxidation (Figure 4). Recently, a gene called chyl, encoding 3-
hydroxyisobutyryl-CoA hydrolase, was cloned and identified to catalyze the transformation 
of 3-hydroxyisobytyryl-CoA into 3-hydroxysiobytyrate in peroxisomes (Zolman et al.. 2001). 
Until now this is the only molecular evidence supporting the existence of peroxisomal Leu 
catabolic pathway. The coordination and physiological significance of peroxisomal and 
mitochondrial Leu metabolic pathways are not clear. 
Microarray and Analysis 
Microarray technology is newly developed to monitor the expression of thousands of 
genes in one experiment. Various metabolic pathways connect to each other to form a huge 
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complicated metabolic network and function as a whole dependable system. The genes and 
their products coordinate with each other to function properly. As technology develops, 
biologists are revealing the whole genome sequences of organisms and all the genes (and 
potential genes) in these genomes. Study of all the genes at one time allows biologists to 
investigate the gene interactions of organisms under different environmental conditions. This 
provides an efficient way to study the complicated metabolic pathways and the relationships 
of genes to gain insight on gene functions (Bassett et al., 1999; Lander, 1999). Although 
techniques like chemical microarrays (MacBeath et al., 1999; Korbel et al.. 2001) and protein 
chips (MacBeath and Schreiber, 2000) have been proposed, recent microarry-based studies 
concentrate on the gene expression pattern at the mRNA level. This microarray system 
includes cDNA microarrays and oligonucleotide microarrays. 
In a cDNA microarray experiment, thousands of genes (cDNAs) are "'printed'- by a 
robot on a glass microscope slide to form a cDNA "array". These genes are probes. The 
targets to be analyzed are usually reverse-transcribed cDNAs of mRNAs extracted from 
samples subjected to different treatments. In most cases, the two target cDNAs are labeled 
with cyanine dyes Cy5, which is red, and Cy3, green, respectively. The two dye-labeled 
target cDNAs are mixed together in equal amounts to hybridize with the DNA array. The 
hybridized array is then scanned in a "scanner", and the red and green fluorescent signals 
(also called "channels") are recorded. The intensity of the signals indicates the expression 
level of a gene in the sample (Duggan et al., 1999). 
An oligonucleotide microarray, or Affymetrix gene chip, is a similar technology 
developed at Affymetrix Inc. Instead of cDNAs, an array of oligonucleotides is synthesized 
and immobilized on a glass wafer. Each gene is represented by a probe set, i.e., a set of 16 to 
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20 perfect-match oligos with a length of 25 nucleotides and a set of same number of 
mismatch oligos serving as backgrounds. Each mismatch oligo has the same nucleotide 
sequence as its counterpart perfect-match oligo except that the middle base is replaced by its 
complementary base by base-pairing. Each target RNA is labeled with a florescent reporter 
group, then hybridized with the array and stained with florescent dye. Thus each comparison 
of two samples needs at least two arrays instead of one for cDNA microarray. The final 
observation indicating the relative mRNA accumulation of each gene is the average of the 
difference of the florescent density of the perfect-match oligos and the mismatch oligos on 
the array (AvgDiff), obtained by scanning the array after the hybridization (Lipshutz et al.. 
1999). 
The primary analysis of microarray data is to compare the expression of each gene 
between two samples subjected different treatments, to evaluate the mRNA accumulation 
change fold and to identify genes with significant expression change. A cDNA microarray 
experiment is carried out by a series of steps including mRNA sample extraction, reverse 
transcription of mRNA to cDNA, dye labeling, PGR amplification of cDNA probes, cDNA 
printing by a robot, hybridizing and scanning. And a typical microarray contains thousands 
of genes. The signal intensity of one dye could dominate the other for all the cDNA spots on 
an array due to, e.g.. different labeling efficiencies between the dyes or an unintended 
imbalance in the amount of mRNA labeled from each sample. Thus microarray data first 
have to be normalized to balance the signal intensity of the two channels of an array (Yang et 
al., 2001). Normalization could be based on spiked controls in the mRNA samples (Schena 
et al., 1995), on "housekeeping" genes (DeRisi et al., 1996), or on all the "good" spots on the 
array (Richmond et al., 1999). Other adjustments, e.g., taking into account print-tip 
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variations, may also be considered (Dudoit et al., 2001). To calculate the gene expression 
change fold correctly, systematic biases due to, e.g., array, dye, RNA sample, and gene have 
to be taken into account. Kerr et al. (2000) proposed an ANOVA model to account for these 
ancillary sources of systematic variation. The identification of genes with significant 
expression change is complicated due to the following reasons: (1) lack of replication 
resulting from the high expense of each microarray; (2) complicated variation sources; (3) 
various experimental designs: and (4) multiple testing of thousands of hypotheses in each 
comparison of two samples. Some researchers arbitrarily select an expression change fold 
cutoff (e.g., 2) to decide if a certain change fold is significant. A bootstrap resampling 
method is also widely used to address this problem (Kerr et al., 2000; Dudoit et al.. 2001 ). A 
third method for analyzing microarray data and evaluating the significance of a gene 
expression change fold is to apply probabilistic modeling and Bayesian analysis (Roberts et 
al., 2000; Newton et al., 2001). Considering the main use of microarray data is to 
preliminarily screen and isolate genes of potential interest, in most microarray experiments, 
the significance issue is not a major problem. 
Compared to a cDNA microarray experiment, an Affymetrix microarray uses only 
one dye, and the arrays are "mass-manufactured" by the same provider (Affymetrix Inc.) 
with the oligos directly synthesized on the glass wafer. Thus the systematic variations are 
much smaller and the results are more duplicable. Affymetrix Inc. provides software called 
Microarray Suite to carry out basic analysis (Microarray Suite user's guide). Namely, this 
software allows researchers to get AvgDiff for each probe set (gene). And based on the 
performance of all pairs of perfect-match and mismatch oligos of each probe set. a parameter 
called AbsCall (absolute call, could be "P", as present, "A", absent, or *'M", marginal) is 
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given indicating if a certain gene is detected in a sample. Similarly a parameter called 
DiffCall (difference call, could be "I", as increase, "MI", marginal increase. "D" decrease. 
"MD", marginal decrease, or NC , no change) is given suggesting if there is an expression 
change between two compared samples, and the expression change fold is calculated for each 
gene. Just like cDNA microarray, it is up to the researchers to choose what method to 
normalize the data and to decide what genes are having a significant change. 
Dissertation Organization 
This dissertation consists of four chapters and two appendices. Chapter 1 is the 
general introduction presenting background on biotin-containing enzymes and microarray 
technology. Special attention is paid to acetyl-CoA carboxylase (ACCase) and 3-
methylcrotonyl-CoA carboxylase (MCCase); these two enzymes are the focus of the 
following research in Chapter 2 and Chapter 3. Chapters 2 and 3 are two manuscripts to be 
submitted to the journals The Plant Cell and Plant Physiology, respectively. In these two 
manuscripts, I use an antisense approach to investigate the function and overall significance 
of plastidic ACCase, and to explore the function of MCCase and the possible alternative Leu 
catabolic pathways. All the data in these two chapters were collected and analyzed by 
myself, except in Chapter 2, the microscopy was carried out and corresponding results 
summarized by Beth Fatland, a graduate student in our lab. Chapter 4 is a general conclusion 
summarizing and discussing the results presented in Chapter 2 and Chapter 3. Appendix A is 
a preliminary analysis of two Affymetrix microarray experiments using my ACCase 
antisense plants. These experiments were designed and carried out by Carol Foster, a 
postdoctoral fellow in our lab. Appendix B presents some details on cDNA microarray 
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analysis relevant to part of the microarray analysis experiments on ACCase antisense plants 
in Chapter 2. 
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Figure 1. Structure of biotin and biotin-containing enzymes. 
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A. Carboxylase 
Me2+ 
HC03" + ATP + Enzyme-biotin • Enzyme-biotin-C02" + ADP + Pi 
Enzyme-biotin-CCV + Receptor • Enzyme-biotin + Receptor-C02" 
Me2* HCO] + ATP + Receptor • Receptor-C02" + ADP + Pi 
B. Decarboxylase 
Donor-COi + Enzyme-biotin • Enzyme-biotin-C02" + Donor 
Enzyme-biotin-C02" + 2 (Na") m • Enzyme-biotin + HC03" + 2 (Na") out 
Donor-C02 + 2 (Na+) in • Donor + HC03" + 2 (Na+) out 
C. Transcarboxylase 
Methylmalonyl-CoA + Enzyme-biotin • Enzyme-biotin-C02'+ Propionyl-CoA 
Enzyme-biotin-CO, + Pyruvate • Enzyme-biotin + Oxalacetate 
Methylmalonyl-CoA + Pyruvate • Propionyl-CoA + Oxalacetate 
Figure 2. Reactions catalyzed by carboxylase, decarboxylase and transcarboxylase. 
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Figure 3. Structure of biotin-containing enzymes. 
Figure 4. Leu catabolism and potential metabolic functions of MCCase in plants. 
Two pathways have been identified for Leu degradation: one in mitochondria requiring 
MCCase and one in the peroxisome that is MCCase-independent. MCCase may also be 
required in two interconnected metabolic pathways: isoprenoid catabolism and the 
mevalonate shunt. BCAAT, branched-chain amino acid aminotransferase; BCKDH, 
branched-chain 2-ketoacid dehydrogenase; DMAPP, dimethylallyl pyrophosphate; GPP, 
geranyl pyrophosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA: IPP, isopentenyl 
pyrophosphate; aKIC, a-ketoisocaproate; MCCase, 3-methylcrotonyl-CoA carboxylase; 
MC-CoA, 3-methylcrotonyl-CoA; MG-CoA, 3-methylglutaconyl-CoA; MVA, mevalonate; 
PP-CoA, propionyl-CoA. 
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CHAPTER 2. ANTISENSE EXPRESSION OF CACI-A GENE OF HETEROMERIC 
ACCASE RESULTS IN PLEIOTROPIC MORPHOLOGICAL CHANGES IN 
ARABIDOPSIS 
A paper to be submitted to The Plant Cell 
Hui-Rong Qian, Beth L. Fatland, Basil J. Nikolau, and Eve S. Wurtele 
ABSTRACT 
Two structurally-distinct acetyl-CoA carboxylases are present in Arabidopsis. Plastidic 
ACCase catalyzes the first committed step of de novo fatty acid biosynthesis. Transgenic 
Arabidopsis plants have been obtained with an antisense cDNA of CACI-A. which encodes 
the biotin carboxyl carrier subunit protein (BCCP) of plastidic ACCase. under the direction 
of CaMV 35S promoter. Forty-two independent transgenic lines were produced and shown 
to contain different levels of BCCP. CACI-A antisense plants with reduced BCCP possessed 
different degrees of a similar morphological change. They grow slowly, have a smaller size 
than the wild type plants, and their late vegetative and cauline leaves are crinkly and 
variegated yellow, indicating premature cell death. Microscopy studies revealed that CAC1-
A antisense plants have reduced leaf cell size, altered leaf organelle morphology and retarded 
embryo development. The severity of the morphological change in CACI-A antisense plants 
is correlated with the magnitude of the reduction of BCCP protein. However, the mRNA and 
protein abundance of the other three subunit proteins of plastidic ACCase are not altered. 
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Fatty acid contents in leaves and seeds of each CACI-A antisense plant are reduced, but the 
fatty acid composition is indistinguishable from the wild type plants. Global gene expression 
investigations indicate a complicated and confounding effect of the reduced expression of 
BCCP on the plants. The reduced level of BCCP triggers changes in abundance of RNAs 
involved in DNA transcriptional and translational regulation, anti-oxidation, pathogen and 
other stress responses, cell division control, and cellular structure construction. 
INTRODUCTION 
Acetyl-CoA carboxylase (ACCase) catalyzes the first committed step of de novo fatty acid 
biosynthesis, the carboxylation of acetyl-CoA to form malonyl-CoA. This biotin-containing 
enzyme plays a critical role in the control of fatty acid biosynthesis and in the regulation of 
the flux through this pathway in bacteria, yeast and animals (Vagelos, 1971 ; Lane et al.. 
1974; Wakil et al., 1983; HaBlacher et al., 1993; Li and Cronan, 1993). 
In most plants, including Arabidopsis, two structurally distinct forms of ACCase are 
compartmentalized into two different organelles, the cytosol and the plastids (Kannangara 
and Stumpf, 1972; Li and Cronan, 1992a; Sasaki et al., 1993; Konishi and Sasaki, 1994; 
Alban et al., 1994; Choi et al., 1995; Shorrosh et al., 1995, 1996; Konishi et al.. 1996). 
ACCase in the cytosol provides malonyl-CoA for the elongation of long-chain fatty acids and 
the synthesis of a variety of phytochemicals, including epicuticular waxes, suberin, 
flavonoids, stilbenoids, malonylated chemicals, and free malonic acid (Conn, 1981; Nikolau 
et al., 1984). 
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Plastidic ACCase catalyzes the formation of malonyl-CoA dedicated to the synthesis 
of fatty acids. In Arabidopsis, the plastidic ACCase has a heteromeric form, consisting of 
four different polypeptides, which are organized into three functional subunit proteins, biotin 
carboxyl carrier (BCC), biotin carboxylase (BC) and carboxyltransferase (CT). CT is 
composed of two different polypeptides, a-CT and P-CT. The genes of these four 
polypeptides, named CACl for BCC, CAC2 for BC, CAC3 for a-CT and accD for P-CT. 
have been cloned and characterized (Choi et al., 1995; Ke et al., 1997; Sun et al., 1997; Bao 
et al., 1997; Ke et al., 2000; Thelen et al., 2000). P-CT is encoded by the plastome. The 
other three proteins are encoded by nuclear genes. There are two known CACl genes in 
Arabidopsis. The deduced polypeptides of the two BCC proteins have a 42% amino acid 
identity. CACI-A (encoding BCC-1) is expressed throughout development, whereas CACl-B 
(encoding BCC-2) is expressed predominantly in the seeds (Ke et al., 2000; Thelen et al.. 
2000). 
Fatty acid synthesis is a fundamental process required for the biosynthesis of 
membrane and storage lipids. Various lines of evidence indicate that plastidic ACCase may 
provide a major control step and likely a rate-limiting step for fatty acid biosynthesis in 
plants (Nikolau and Hawke, 1984; Post-Beittenmiller et al., 1991, 1992; Page et al., 1994; 
Sasaki et al.. 1997; Savage and Ohlrogge, 1999; Ke et al., 2000). mRNAs of all four 
heteromeric ACCase subunits. CACI-A. CAC2. CAC3 and ctccD, accumulate to high levels in 
expanding plant tissues when fatty acids would be required to supply lipid for de novo 
membrane synthesis and in embryos during the accumulation of oil (Ke et al., 2000). In this 
study, a CACI-A antisense was expressed in Arabidopsis to investigate the regulation and the 
overall significance of this gene in the formation and functioning of heteromeric ACCase. 
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Our study shows that the CACI-A gene is required for survival during vegetative growth and 
that Arabidopsis with reduced expression of CACI-A display severe pleiotropic 
morphological and subcellular changes throughout development. 
RESULTS 
CACI-A Antisense Plants Show Unique Morphological Changes 
To analyze the regulation and function of the BCC-1 subunit of heteromeric ACCase. we 
generated transgenic Arabidopsis plants expressing antisense CACI-A under the 35S 
promoter. Forty-two independent antisense transgenic lines were generated, as indicated by 
kanamycin resistance, PCR amplification of the CACI-A transgene and Southern analyses at 
the T% generation (data not shown). 
About half of these transgenic plant lines show unique morphological changes of 
different levels of severity (Figures 1A and 1B). In the offspring of a transgenic line, 
individual plants show different severities of morphological changes. The severity of the 
antisense phenotype is determined by the time of its onset, proportions of affected leaves, and 
mature plant size, ranging from very severe such that the plants do not survive past 
germination, to no noticeable phenotype (Table 1). The more severe the phenotype is, the 
earlier its developmental onset. In a very severe phenotype, the CACI-A antisense phenotype 
is evident upon germination, as stunted growth (Figure 1 A, plants with white arrows) and 
yellow patches on the cotyledons (Figures 1G and 1 J). These seedlings typically survive for 
several days to a week, but they remain small and then die. Rosette leaves if they appear are 
smaller, crinkly and have a mosaic pattern of green and yellow. Figures 1C and ID are 
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CACI-A antisense plants with a severe and a moderate phenotype, respectively. Such plants 
germinate similarly to the wild type (WT) plants and have normal-appearing cotyledons. The 
growth rate is noticeably decreased 1-2 weeks after germination. The plants may have one to 
several WT-like true leaves depending on the severity of the phenotype, but subsequent 
emerging rosette and cauline leaves are moderately or severely affected. A moderately 
affected leaf is smaller than WT leaves, slightly crinkly and shows distinct yellow patches. 
A severely affected leaf is significant smaller compared to WT leaf, extremely undulated and 
mostly yellow variegated with small green areas. Figures 1H and 11 show a vegetative and a 
cauline leaf with a phenotype between moderately and severely affected (compared to WT 
leaves in Figures 1K and 1L). Bolting occurs with timing similar to that of WT plants; 
however, plants are significantly smaller and develop fewer inflorescences and siliques. As a 
result, seed yield is greatly reduced. 
Figure IE shows one of the transgenic plants with slight morphological changes. 
These plants are indistinguishable from the WT plants (Figure IF) until the plants start to 
bolt (about 4 weeks after germination). After bolting, the characteristic CACI -A antisense 
morphological changes appear on subsequent emerging rosette and cauline leaves; leaves are 
crinkly and have a mosaic pattern. These transgenic plants may be a little bit smaller with 
slightly decreased seed yield compared to the WT plants. 
All the transgenic plants that survive until flowering produce some viable seeds 
(Table 1 ). However, depending on the severity of the phenotype. the yield of seeds varies 
dramatically from only a couple of seeds to a yield similar to the WT plants (0.5 to 0.65 g 
under our growth conditions). 
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In an effort to isolate homozygous CACl-A antisense plants, we tested the kanamycin 
resistance of offspring from 120 T4 transgenic plants, which are from 7 independent T2 lines 
(1-2, 2-3, 5-3, 7-4, 8-2,9-1, and 10-1). Eleven T4 lines were identified as homozygous based 
on segregation ratio (their offspring are all kanamycin resistant). They are numbered as 208. 
209, 210,211 and 212 [from T2 5-3], 173, 174, 175 and 179 [7-4], and 223 and 229 [9-1]. 
Similarly, screening of forty-three T5 transgenic lines for homozygous lines results in five T5 
homozygous lines, they are 156-1, 156-4 and 156-5 (from T3 8-2-2). and 224-5 and 224-6 (9-
1-3). Interestingly, Western blot shows that BCO-1 abundance of all the homozygous 
antisense plants are close to that in WT plants, and the morphological changes in the 
homozygous plants are slight (data not shown). 
Yellow Patches on Transgenic Leaves Correspond to Premature Cell Death 
To investigate the nature of the morphological changes in CACl-A antisense plants, leaves 
were stained with trypan blue. This dye has been used to identify dead or dying cells (Keogh 
et al., 1980; Dietrich et al., 1994; Botella et al., 1998; Kamoun et al.. 1998; McDowell et al.. 
1998; Mou et al.. 2000). Cells of WT leaves do not retain trypan blue (Figures 2A-C). while 
patches of cells of curly leaves with a mosaic pattern retain the stain. The dye-retaining areas 
are consistent with the location of the yellow patches in the transgenic leaves (Figures 2D-I). 
Furthermore, Southern blot analysis was carried out on leaves displaying the yellow 
variegated phenotype to investigate the intactness of nuclear DNA in CACl-A antisense 
plants, since DNA fragmentation is a reported characteristic of apoptosis (Bush et al., 1989; 
Cohen, 1993; Kuo et al., 1996; Wang et al., 1996). The nuclear DNA of CACl-A antisense 
plants appears intact, and no DNA fragmentation is detected (Figure 3). 
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The Morphology Is Associated with Presence of the CACI-A Antisense Transgene 
To confirm that the morphological changes in the transgenic plants are caused by the CACl-
A antisense transgene, PCR amplification was used to track the transgene in offspring 
populations of heterozygous transgenic lines. Primers were designed to distinguish the 
CACI-A transgene from the WT genomic counterpart. Figure 4 shows the amplification 
products from CACI-A antisense and WT plants, using a primer pair which amplifies a 933-
bp fragment from the CACI-A gene, and a 462-bp fragment from the CACI-A transgene. 
Progeny from three heterozygous CACI-A antisense transgenic lines with a moderate 
or severe phenotype (T3 generation) were investigated. All the three lines segregate 
approximately 3:1 (antisense phenotype:WT phenotype; /7-value for all three lines greater 
than 0.6) (Table 2), indicating that the transgene probably has one insertion in the genome or 
is incorporated at a single locus of the genome. Individual offspring with and without the 
antisense phenotype were randomly selected and a small piece of leaf harvested from each 
plant for PCR amplification. Table 2 shows that of the plants tested, all the plants with an 
antisense phenotype carry the transgene, and no plant with a WT phenotype carries this 
transgene. These data strongly suggest that the transgene is the cause of the morphological 
changes in the transgenic plants. Moreover, CACI-A transgene is dominant over its genomic 
gene in the transgenic plants; a single copy of CACI-A transgene is enough to cause 
antisense phenotype in the transgenic plants. 
Antisense Transgenic Plants Contain Decreased Levels of BCC 1 Protein 
To confirm that CACI-A gene expression is down-regulated in the antisense transgenic 
plants, the relative concentration of BCC-1, the product of the CACI-A gene, was assessed. 
38 
Plant rosette leaves were collected from each 30-day old WT and CACI-A antisense 
plant and total protein was extracted. The level of BCC-1 was measured by exposing the 
total protein to either BCC-1 antisera followed by ,25I-Iabeled protein A (Choi et al.. 1995) or 
l25I-labeled streptavidin (Nikolau et al., 1984). The two CACI-A antisense plant lines in 
Figure 5A indicate the phenotypes of the plants used in this study. In plants with a moderate 
phenotype, the initial 4 to 7 leaves are of WT appearance, but subsequent leaves have a 
crinkly phenotype. By 30 days after germination, the plants are about two-thirds the size of 
WT plants. In plants with the severe phenotype. only the first 2 to 3 leaves appear as WT 
before the onset of leaves with a crinkly phenotype. These plants are about one-fifth the size 
of WT plants by 30 days after germination. The accumulation of BCC-1 is reduced in the 
transgenic plants with antisense phenotype, ranging from 20% to 60% of WT levels (Figures 
5B and 6A). In addition, the level of biotinylated BCC-1 was measured using l2T-
streptavidin (Wurtele and Nikoulau, 1990). When measured by BCC-1 antisera or by 
streptavidin, the relative abundance of the BCC-1 apoprotein compared to BCC-1 
holoprotein is indistinguishable (Figures 5B and 5C), indicating that the BCC-1 protein is 
similarly modified by the covalent attachment of biotin in WT and CACI-A antisense plants. 
Severity of Morphological Changes in CACI-A Antisense Plants Is Correlated to BCC-1 
Protein Abundance 
During the characterization of CACI-A antisense plants, we measured the BCC-1 abundance 
and recorded the severity of morphological changes of 38 T4 individual transgenic plants 
(from 7 independent lines), of which 14 plants show the antisense phenotype (5 slight, 7 
moderate and 2 severe). Interestingly, transgenic plants with the most severe antisense 
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phenotype contain the lest BCC-1 protein, plants with moderate antisense phenotype contain 
reduced compared to WT plants but higher BCC-1 than in plants with a severe phenotype 
(with one exception: line 179 was recorded as having a moderate antisense phenotype but 
BCC-1 is similar to WT plants). BCC-1 protein levels in transgenic plants with slight 
antisense phenotype are either slightly reduced or similar to those in WT plants (data not 
shown). 
To further-investigate the effects of BCC-1 level on the severity of the antisense 
mutant phenotype, BCC-1 protein level was measured in transgenic plants with different 
severities of phenotype in the progenies of transgenic lines 156 (T* generation), 8-2-2 (Tj) 
and 9-1-3 (Tj). On average, the leaves of plants with moderate and severe phenotypes 
contain 33% and 23% the level of BCC-1 of WT plants, respectively (Figure 5C). The level 
of BCC-1 protein in leaves of plants with a moderate phenotype is significantly lower than 
that in WT plants (pO.OOOI for both antibody and streptavidin detection of BCC-1 ), and 
BCC-1 protein level in plants with a severe phenotype is significantly lower than that in 
those of a moderate phenotype (p=0.00l and 0.0002 for antisera and streptavidin detection, 
respectively). In transgenic plants with very light phenotype or in plants without any 
antisense phenotype, BCC-1 polypeptide and holoprotein levels are indistinguishable from 
WT plants (data not shown). Our study showed that the severity of phenotype is associated 
with the BCC-1 protein levels. This result has been repeated several times in Tj and T6 
progenies of the transgenic line 156. 
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Malonic Acid Does Not Reverse Antisense Morphological Changes 
We speculate the morphological changes in CACl-A antisense plants is due to the limited 
supply of malonyl-CoA for de novo fatty acid biosynthesis. Thus we fed plants with external 
malonic acid, to supplement the reduced production of malony-CoA in plants. 
WT and CACI-A antisense plants showing antisense morphological changes (30 days 
after planting; one WT and three CACI-A antisense plants per treatment) were sprayed with 
0.2, 2, and 10 mM of malonic acid (pH 5.7), twice a day (one in the morning and one in the 
afternoon), for 10 days, using tap water as a control. No difference has been observed 
between spray of malonic acid and tap water in either WT or CACl-A antisense plants. 
Spray of malonic acid does not reduce or reverse the morphological changes caused by 
CACl-A transgene in the antisense transgenic plants. 
Abundance of CAC2, CACJ, accD and CACI-B mRNA Is Not Affected by Expression of 
CACl-A Antisense Transgene 
To understand the expression change of the four subunit genes of heteromeric ACCase. 
mRNA abundance of CAC2, CAC3, accD and CACI-B were measured in the total RNA 
extracted from leaves of 30-day old WT and CACl-A antisense plants. Figure 7 shows that 
there is no distinguishable difference in mRNA accumulation of CAC2, CAC3 and accD 
between WT and CACl-A antisense plants with a severe phenotype. The two bands of accD 
mRNA of different molecular weights, are consistent with our previous results and probably 
due to RNA processing in the plastids (Ke et al., 2000). As in WT plants, CACI-B mRNA 
was not detected in vegetative organs of antisense plants (data not shown). 
The above results were confirmed in an independent microarray experiment. In this 
experiment, poly A+ RNAs were extracted from WT leaves and CACl-A antisense leaves 
showing antisense phenotype. The two RNA samples were labeled with dyes of Cy3 and 
Cy5 and hybridized with cDNA microarrays containing more than 10,000 Arabidopsis 
cDNAs at Stanford Arabidopsis Functional Genomic Center (AFGC) to monitor global gene 
expression. In CACI-A antisense plants, CAC2, CAC3, CACI-B and ACC-I/ACC-2 (genes 
encoding cytosoiic ACCase) mRNA accumulation differed by -1.19, -1.23, 1.11 and 1.14 
folds, respectively compared to the WT plants. None of these values are statistically 
significant at 0.05 significance level. 
BCC Protein Level Is Not Associated with Accumulation of BC, a-CT and p-CT 
Proteins 
To investigate the coordination of the expression of the subunits of heteromeric ACCase. the 
abundance of all four subunit proteins of heteromeric ACCase. BCC-1. BC, a-CT and p-CT. 
were determined in WT and CACl-A antisense plants with moderate and severe phenotypes. 
Figure 6A is a Western blot analysis of the same protein extracts probed with antisera to 
BCC-1, BC, a-CT, and P-CT, respectively, quantified using ImageQuant software. 
Regardless of the amount of down-regulation of BCC-1 protein, the abundance of BC, a-CT 
and p-CT in CACl-A antisense plants is comparable to that in WT plants (Figure 6B). Thus 
a decrease in the accumulation of the BCC-1 protein does not affect the expression of the 
other subunit proteins of heteromeric ACCase. 
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Fatty Acid Content in Leaves and Seeds from CACl-A Antisense Plants 
Because heteromeric ACCase catalyzes the first committed step of fatty acid biosynthesis in 
plant cells, by down-regulating the expression of BCC-1 protein we anticipated a reduction 
of heteromeric ACCase activity and hence a reduction in fatty acid biosynthesis. To test the 
hypothesis that the transgenic plants contain less fatty acid than WT plants, total fatty acid 
content as well as the relative amount of each fatty acid component were measured in leaves 
and seeds. 
Both WT-like and crinkly leaves from the antisense plants, as well as leaves from WT 
plants were harvested. Extracts of total fatty acids were methylated and subjected to GC for 
fatty acid determination. The total fatty acid contents in the WT-like and crinkly leaves of 
transgenic plants are 7.3 and 8.6 jig mg"1 fresh weight leaves, respectively. The leaves from 
WT plants have a fatty acid content of 6.2 pg mg"1 fresh weight leaves (Figure 8). The ratios 
of fresh weight to dry weight are similar for leaves of WT plants, WT-like leaves of antisense 
plants, and crinkly leaves of antisense plants. They are 10.9±1.1, 11.3±1.0, 9.7±0.4 
(mean±SE, n=3), respectively. The fatty acid contents in WT, antisense WT-like and 
antisense crinkly leaves are 60.9, 72.6, and 80.8 ng mg"1 dry weight leaves, respectively. 
Surprisingly, the results indicate that fatty acid contents per weight of leaves from transgenic 
plants slightly increase as the phenotype gets more severe, f-values for equal fatty acid 
content assumption per fresh weight leaf between WT leaves and antisense WT-like leaves, 
and between antisense WT-like and crinkly leaves are 0.049 and 0.0087, respectively. The 
difference of fatty acid contents per dry weight leaf appears less obvious due to high 
variability, ^-values for tests similar in per fresh weight leaf are 0.079 and 0.26, 
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respectively. However, fatty acid content per dry weight leaf from antisense crinkly leaves is 
significantly higher than that in WT leaves (p-value is 0.027). 
The CACl-A antisense plants have different severities of morphological change, 
which reflect the difference in BCC-1 abundance. CACl-A antisense plants with a severe 
phenotypic change are much smaller, i.e., they have fewer and smaller leaves than WT plants 
(Table 1). Thus, we speculate that CACl-A antisense plants with severe phenotypes contain 
much less fatty acids per plant than the WT plants. 
Fatty acid contents were determined in seeds from WT plants and antisense plants 
with a moderate and severe phenotype (Figure 9). In WT plants, the fatty acid content is 278 
pg mg"1 dry seeds, over four times greater than in the dry leaves. The fatty acid content in 
seeds from antisense plants with a moderate phenotype is 278 ng mg"1 dry seeds, 
indistinguishable from that of WT seeds. In the seeds from antisense plants with a more 
severe phenotype, the fatty acid content is 337 pg mg"1 dry seeds, slightly higher than those 
of WT plants and antisense plants with a moderate phenotype (^-values are 0.074 and 0.027. 
respectively). Seed yield is dramatically reduced in CACl-A antisense plants (Table 1 ). 
Therefore, an antisense plant with a moderate or more severe phenotype contains much less 
total fatty acids in seeds than a WT plants. 
Fatty Acid Composition Does Not Change in Leaf and Seeds of Antisense Plants 
The profile of individual fatty acids in leaves (Table 3) and seeds (Table 4) was measured for 
antisense and WT plants. In WT leaves, six major peaks were detected on GC. representing 
16:0. 16:1, 18:0, 18:1, 18:2, and 18:3 fatty acids, respectively as previous described in James 
and Dooner (1990). Of these six fatty acids, 18:3 is the most abundant, accounting for more 
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than 40% of the total fatty acids. 16:0. 18:0, and 18:2 each account for 16% of the total fatty 
acids. There are no significant differences in the relative amount of each fatty acid 
component between WT leaves, and WT-like leaves or crinkly leaves of CACl-A antisense 
plants (all y>value greater than 0.11). The fatty acid composition is not changed in the 
antisense plant leaves. 
Arabidopsis seeds have a more complicated fatty acid composition than that of 
leaves. In addition to the fatty acids in the leaves, long carbon-chain fatty acids 20:0, 20:1, 
22:0 and 22:1 are present as previously described by Wu et al. (1994). 18:2 is the most 
abundant fatty acid, accounting for -30% of the total fatty acid, followed by 18:3 (20%). and 
20:1 and 18:1 (each -15%). The seeds from WT and CACl-A antisense plants show a 
similar fatty acid composition (all ^ -values greater than 0.05 except for between WT and 
antisense seeds with severe phenotype for fatty acid 18:3, which is 0.11 ). 
Global Gene Expression in CACl-A Antisense Plants 
To investigate the effects of reduction of heteromeric ACCase on overall gene expression 
and to identify genes potentially associated with metabolic pathways regulated by 
heteromeric ACCase expression, genome-wide RNA accumulation in leaves of CACl-A 
antisense plants and WT plants were compared. CACl-A antisense crinkly leaves with 
mosaic pattern and WT leaves were harvested 30 days after germination. Poly A+ RNAs 
were then extracted and analyzed at the Stanford Arabidopsis Functional Genome 
Consortium (AFGC) on duplicate cDNA microarrays. The duplicated microarrays were dye-
swapped with reference to the samples to improve the reliability of the results (Table 5). 
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We took into account of various system biases of the microarray data by adjusting 
effects of array, dye, RNA sample, gene and the correlation in data due to the spot location 
on the array and calculated the p-value for each gene expression change estimate by 20,000 
simulations using a bootstrapping approach. A gene expression fold change of 1.82 and 1.35 
appear to have a/?-value of 0.01 and 0.05, respectively. Totally. 264 mRNAs were identified 
as having a significant expression change (i.e.. an expression fold change over 1.82) between 
the WT and CACI-A antisense plants at 0.01 significance level. Of these, 109 mRNAs are 
down-regulated, and 155 mRNAs are up-regulated in the CACI-A antisense plants. 
Tables 6 and 7 list the 53 and 75 mRNAs down- and up-regulated in CACI-A 
antisense plants, respectively, with an expression fold change over two, grouped by their 
potential functions, of which only about one half of the genes have known or putative 
functions. Compared to WT plants, the mRNA accumulation of genes involved in DNA 
replication, transcription and translation, cell division control, signal transduction, stress 
response, cellular structure construction, and other metabolic pathways are changed in 
CACl-A antisense plants. While genes related to cellular structure construction are both up-
and down-regulated, DNA polymerase and RNA helicase are down-regulated, and the RNA 
polymerase is up-regulated. Three cell division control protein genes are identified to be 
down-regulated (Bunnell et al., 1990; Eipers et al., 1992; Ferreira et al.. Hirayama et al., 
1991; Magyar et al., 1997) and four genes of signal transduction are up-regulated, three of 
which are putative mitogen-activated protein kinase (MAPK) (Nishihama et al., 1997: 
Mizoguchi et al., 1993; Ichimura et al., 1998a, 1998b). MAPKs play an important role in 
mediating signal pathways responding various stresses including pathogen infection, 
wounding, temperature stress, drought, and some plant hormones (Mixoguchi et al., 2000; 
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Bent, 2001). In a recent review, Wrzaczek and Hirt (2001) searched the Arabidopsis genome 
and predicted that there are overall 24 MAPK pathways. The up-regulating of MARK 
pathway indicates that CACl-A antisense plants are under environmental stress-like condition 
when they do not have enough supply of fatty acids due to the reduced expression of BCC-1 
protein. 
Another significant change in CACl-A antisense plants is the up-regulation of mRNA 
expression of genes related to stress, including oxidative stress, pathogen infection and 
wounding, senescence and other stresses. Fifteen such genes are up-regulated, although three 
putative stress-related genes are down-regulated. Five putative anti-oxidative agent genes 
(Table 7, Stress-related, #1-5). including three putative glutathione transferase, one 
superoxidase dismutase and one putative GDP-mannose pyrophosphorylase are up-regulated. 
GDP-mannose pyrophosphorylase is involved in plant ascorbic acid (Vit C) biosynthesis and 
cell wall biosynthesis (Conklin et al., 1999). Ascorbic acid is an antioxidant and cellular 
reductant and plays a crucial role against oxidative stress. Six genes (Table 7. Stress-related 
#6-11) related to pathogen infection and/or wounding are up-regulated. These genes have 
been previously characterized (or are similar to genes induced by) induced by pathogen 
attack and/or wounding. For example, the expression of Bax-inhibitor 1 is up-regulated very 
quickly upon pathogen infection or wounding, in return, the over-expression suppresses the 
Bax-induced cell death in yeast and plant (Kawai et al., 1999; Sanchez et al., 2000). Other 
stress-related genes including two senescence-induced genes (Table 7, Stress-related, #12-
13), one cold-induced gene (Table 7, Stress-related, #14), and one gene responding to 
drought (Table 7, Stress-related, #15) are also up-regulated in CACl-A antisense plants. 
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Global Protein Accumulation in CACl-A Antisense Plants 
2-DE was performed to investigate the global protein abundance in leaves of WT and CACl-
A antisense plants with a crinkly phenotype. Figure 10 shows the gel fraction showing 
protein spots of differential expression. Using PDQuest software, -800 protein spots were 
detected on the gels from immobilized gel strips of pH 4-7. These are the most abundant and 
soluble proteins. One hundred and fifty-nine spots with relative high intensity were further 
quantified by PDQuest. Four spots were identified with a difference in protein abundance 
between WT and CACl-A antisense plants (Table 8). These 4 proteins have a higher 
abundance in CACl-A antisense than in WT plants. However, their relative expression is low 
compared to other proteins on the gel, more investigation is needed to confirm these 
differences and to identify these proteins. 
Leaves with Reduced Levels of BCC-1 Have Reduced Cell Size 
The striking change in leaf morphology indicates an alteration in cell number or cell size. To 
assess departures from normality, leaves from WT plants and a series of CACl-A antisense 
plants from four independent transgenic lines were harvested for microscopic examination. 
Moderate and severely affected leaves from CACl-A antisense plants (Figures 1C to IE) 
were examined for alterations in cell morphology. 
The undulation found in moderately affected leaves from CACl-A antisense plants is 
due to a decrease in the number of mesophyll cells in particular locations along the leaf 
(Figures 1 IB and 1 IF), in combination with regions of smaller cell size, and more compact, 
variously sized mesophyll cells (Figures 11C and 11G). Occasionally, a missing or mis-
formed epidermal cell creates a large bend (Figure 1 IF). Severely effected leaves from 
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CACl-A antisense plants (Figures 1 ID and 11H) are thinner than WT leaves (Figures 11A 
and 1 IB), in some cases having only 1/2 the width of a WT leaf. This reduction in leaf 
thickness is a result of a reduced cell size and reduced apoplastic space (Figures 11G to 
11H). Measurements of epidermal, mesophyll and palisade parenchyma cells in sections 
taken from these leaves reflect this reduction in leaf width (Figure 12). All the three cell 
types are approximately one-fourth to two-thirds smaller than the corresponding WT cell. It 
is interesting to note that despite a severe reduction in cell size, the overall mesophyll 
organization, one layer of elongated palisade cells and a spongy mesophyll layer of four to 
six cells, is retained (Figures 11C and 1 ID). 
The striking differences in phenotypic leaves are due to more than just altered cell 
size. Intercellular space is also greatly reduced. Intracellular changes also contribute to the 
altered appearance. Cells also have a reduced vacuolar size and a corresponding increase in 
visible cytosol. Additionally, the number of chloroplasts per cell is reduced (Figures 1 IF to 
11H) when compared to WT leaves (Figure 1 IE). 
Leaves with Reduced Levels of BCC-1 Have Alterations in Leaf Organelle Morphology 
Electron microscopy was employed to delve into the study of the ultrastructural alterations 
discussed above (more visible cytoplasm, smaller vacuoles), and afforded the discovery of 
additional subcellular changes. The diminutive cells of severely affected leaves from CAC1-
A antisense plants contain small, aberrant plastids with altered membranous structures 
(Figures 13C to 13F). The outer envelope is undulated and grana are disorganized or 
arranged in narrow stacks. These aberrant plastids also lack conspicuous starch grains, and 
contain perceptibly larger plastoglobuli (Figure 13C). 
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Mitochondria are a component of the cell's aberrantness. Cells from leaves of CACl-
A antisense plants contain structurally altered mitochondria. Similar to the disorganized 
membrane structure found in plastids, affected mitochondria have undulated outer 
membranes and fewer cristae. However, the altered mitochondria contain huge gaping 
cristae, very un-characteristic of WT mitochondria. Affected mitochondria are roughly 
doubled in diameter, in contrast to plastids. which are smaller when compared to their WT 
counterparts, adding to the overall distinction from WT cells. Interestingly, these cells 
contain a subset of normal-appearing mitochondria. Indeed mitochondria range from 
aberrant to normal within a single cell (Figures 13E and 13F) with highly disturbed 
membranous organization and a decrease in cristae organization. 
Siliques of CACl-A Antisense Plants Revealed Altered Rates of Embryo Development 
Seeds of CACl-A antisense plants appear normal and have a -96% germination rate 
compared to -100% for seeds harvested from WT plants. However, plants with the CACl-A 
antisense phenotype have a greatly reduced seed yield. To determine if embryo development 
progresses punctually and through normal stages, embryos within siliques from CACl-A 
antisense plants at seven and fourteen days after flowering (DAF) were examined 
histologically. At 7 DAF, siliques of WT plants contain uniformly torpedo-staged embryos. 
In contrast, at 7 DAF, siliques from CACl-A antisense plants contain an altered 
developmental profile for a subset of embryos. Embryo stages from ovule to heart are often 
present. However, these siliques also contain embryos with a normal rate of development 
(Figure 14F). Torpedo-stage embryos within 7 DAF siliques accumulate oil bodies at 
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concentrations comparable to WT embryos even though they possess bloated mitochondria 
resembling those found in CACl-A antisense leaves (Figures 15B vs. 15A). 
Heart and early-stage embryos are also present in 14 DAF siliques of CACl-A 
antisense plants (Figures 14H to 141), a time when embryos are approaching maturity in WT 
siliques (Figure 14G). The presence of these immature embryos and the absence of 
intermediate stages of embryos at 14 DAF in CACl-A antisense plants indicates these 
immature embryos and apparently permanently paused in the progression through growth 
and that the ovule must not develop into a viable seed. The discovery of these aberrant 
embryos indicates that the observed reduction in seed yield is due to factors besides 
shortened bolt height and smaller plant size. 
DISCUSSION 
In plants, de novo fatty acid biosynthesis occurs solely in plastids. Heteromeric ACCase 
catalyzes the carboxylation of acetyl-CoA to form malonyl-CoA, the first committed step of 
de novo fatty acid biosynthesis. Many studies have been carried out to investigate the role of 
heteromeric ACCase in controlling fatty acid biosynthesis and how it is regulated. The two 
different forms of ACCase in plants with different functions and different subcellular 
locations (in plastids and cytosol), together with the instability of heteromeric ACCase 
during isolation, add technical difficulties to investigating the importance of heteromeric 
ACCase in plants. 
In this study, antisense cDNA encoding the BCC-1 protein of heteromeric ACCase 
was transferred into Arabidopsis to address the overall significance of heteromeric ACCase 
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in plants, and the regulation and coordination of its subunit proteins. Our results show that 
plants are very sensitive to the expression of BCC-1. Slightly decreasing the amount of 
BCC-1 by CACl-A antisense transgene causes pleiotropic morphological changes, 
subcellular damage to mitochondria and plastids, and premature cell death. The severity of 
this antisense phenotype is correlated with the magnitude of reduction of BCC-1. Some 
transgenic lines begin to show a severe phenotype several days after germination and die 
before they grow big enough to be analyzed. We expect these lines contain very low levels 
of BCC-1. The proper expression of heteromeric ACCase is crucial for plants to grow and 
develop. 
In this study we down-regulated BCC-1. In our previous studies, we found that the 
levels of mRNAs of the four subunits of ACCase are highly coordinated (Ke et al., 2000). 
The abundance of CACl-A mRNA is the lowest of the three nuclear encoded subunit protein 
genes of heteromeric ACCase. and CAC2 mRNA accumulates to the highest level. We 
speculate this may explain why CACl-A antisense Arabidopsis is so sensitive to decreasing 
BCC-1, whereas antisense CAC2 transgenic tobaccos showed no phenotype until BC was 
reduced by 75% or greater and only under low-light growth conditions (Shintani et al., 1997). 
BCC-1 is likely the subunit protein playing limiting factor for heteromeric ACCase activity, 
thus has a very important regulatory role. 
Regardless of the antisense CACl-A gene expression and low accumulation of BCC-
1, levels of mRNA and protein for the other three subunit proteins of ACCase are not 
affected in plant rosette leaves. This finding is consistent with our previous findings that the 
accumulation of CACl-A, CAC2, CACJ and accD mRNAs is coordinated temporally and 
spatially during silique development, suggesting that the coordinate regulation occurs at (or 
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before) transcription (Ke et al., 2000). Any regulation after transcription, like CACl-A 
antisense gene expression, might not affect the expression of the other three genes. 
Recently CACl-B, encoding another BCC protein (BCC-2). was discovered (Thelen 
et al., 2001). This protein accumulates in seeds. CACl-B does not cross-hybridize with 
CACl-A. Thus it is not expected that CACl-A antisense transgene down-regulates CACl-B 
expression. In CACl-A antisense, as in WT rosette leaves (Thelen et al., 2001 ), CACl-B 
mRNA is below the threshold of detection, indicating very low abundance. Our data indicate 
that CACl-B expression does not increase dramatically to compensate for the decrease of 
CACl-A in antisense plants. 
Although the heteromeric ACCase is down-regulated and dramatic morphological 
changes appear in CACl-A antisense plants, fatty acid content in antisense plants does not 
decrease in leaves and seeds on a per weight of tissue basis. Counterintuitively, it slightly 
increases when the phenotype is severe. However, the antisense crinkly leaves are 
condensed and much smaller than the WT, thus the same weight of antisense leaf would 
contain many more cells. Thus we anticipate that each cell of an antisense plant contains 
much less fatty acids, which is insufficient for normal growth and development, thus 
resulting in morphological changes and cell death. The antisense seeds appear very healthy. 
We are not sure why they contain slightly higher fatty acid content. One possible approach 
to address this question is to measure CACl-B abundance. It is possible that down-regulation 
of CACl-A would up-regulate the expression of CACl-B. It has been shown that CACl-B is 
seed-specific and its expression is highly up-regulated during embryo development (Thelen 
et al., 2000). 
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The CACl-A antisense phenotype does not consist solely of reduced growth, but also 
extensive alteration in cellular morphology. The small size and cellular structure of CACl-A 
antisense plants with a severe phenotype has several aspects in common with fab2 
Arabidopsis mutants. Alterations that the two mutants have in common include reduced cell 
size, reduced apoplastic space, and disorganized plastids. The miniaturization offab2 plants 
is associated with a decrease in activity of the enzyme producing 18:1-acyl-carrier-
protein:l8:0-acyl-carrier-protein desaturase, resulting in additional stearate in their 
membranes (Lightner et al., 1994). However, the CACl-A phenotype develops without 
alteration in fatty acid class distribution. Thus, the subset of alterations that the two mutants 
have in common, reduced cell size, reduced apoplastic space, and disorganized plastids. 
while due to altered stearate levels in fab2 plants, are not due to changes in membrane fatty 
acid ratios in CACl-A antisense plants. 
Reduction of the levels of BCC-1 may diminish activity of heteromeric ACCase and 
decrease de novo fatty acid biosynthesis. Fatty acid availability is required for normal cell 
growth and expansion. If reduced, these processes may be delayed and cell expansion rate 
decreased, suspending cells in a diminutive state. Thus, it might be expected that any mutant 
with a decreased ability to synthesize fatty acids would have a similar phenotype. Indeed. 
CACl-A plants share many gross morphological traits with modi mutants (Mou et al. 2000). 
Modi encodes enoyl-acyl carrier protein (ACP) reductase, the enzyme catalyzing the final 
reaction in de novo fatty acid biosynthesis. This similarity in phenotype may indicate that a 
reduction in the availability of fatty acids has a distinct impact on the successful growth and 
development of the plant. Both lesions yield cells that appear to be undergoing autophagic 
response. 
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Ultrastructurally, modi mutant and CACl-A antisense plants share a subset of cellular 
characteristics: aberrant plastid structure, fewer plastids and decreased mesophyll cell size. 
However, the CACl-A antisense phenotype is more extensive including compact cells greatly 
reduced in size, smaller vacuoles, more visible cytoplasm, and remarkable alterations in 
mitochondrial structure, characteristics not typically associated with autophagy or cell death. 
These features are absent in modi. These differences in cellular structure between the 
CACl-A antisense and modi plants imply alternative factors are at play in the development 
of CACl-A antisense cells, and may reflect the subtle interplay between down regulation of a 
single gene (CACl-A) and gene expression. For example, it is possible that plants have a 
mechanism for sensing malonyl-CoA or perhaps a BCC-sensing mechanism that regulates 
subcellular and cellular development. 
In the analysis of cDNA microarray data, to increase the reliability, we only 
investigated genes with an expression fold change over two. A more thorough investigation 
is under way using more replications. The up- and down-regulation of various gene 
expression indicates the complicated and confounding effects of the reduced expression of 
BCC-1. The limited supply of fatty acids thus lipids triggers expression change of genes 
involved in premature cell death similar in oxidative stress, pathogen attack and other 
environmental stresses. It also induced or reduced different transcription factor and other 
regulatory genes. The morphological changes of cell and its organelle in CACl-A antisense 
plants are reflected in the expression changes in genes involving in cell division and 
proliferation and cellular and subcellular construction. 
Fatty acid availability is required for normal cell growth and expansion. Sufficient 
reduction of BCC-1 subunit of ACCase may diminish enzyme activity and decrease de novo 
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fatty acid biosynthesis. The CACl-A antisense phenotype does not consist solely of reduced 
growth, but also extensive developmental changes, which lead to premature cell death. 
Investigation into the mechanisms and sequence of this process will help us understand fatty 
acid and lipid metabolism, and the associated metabolic pathways in plants, and the relation 
of these pathways to development. 
METHODS 
Plant Material and Growth Conditions 
Arabidopsis thaliana (ecotype Columbia) seeds were germinated and plants were grown at 
22-23°C in a growth chamber in sterilized soil (Sunshine Mix, Sun Gro Horticulture, 
Bellevue, WA). Plants were fed once a week with Nutriculture soluble fertilizer special 
blend 21-8-18 (Plant Marvel Laboratory, Chicago Heights, IL). Plants were grown under 
continuous light for seed harvest, or under a controlled photoperiod of 16 h of light followed 
by 8 h of darkness for biochemical and histochemical analyses unless otherwise indicated. 
Vector and Recombinant DNA Techniques 
Manipulation of DNA was based on standard procedures (Sambrook et al., 1989). The 
protocols suggested by the company were followed when using restriction endonucleases and 
DNA ligase (GibcoBRL, Grand Island, NY). The binary vector pBI121 (Clontech, Palo 
Alto, CA) was modified by cutting out GUS gene and replacing with an oligonucleotides 
containing Xho I and Sst I restriction enzyme sites. A reverse-orientated full length CACl-A 
cDNA (Choi et al., 1995) was then inserted into the modified pBI 121 using Xho I/Sst I 
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restriction enzymes such that the antisense CACl-A cDNA was under the control of the 
constitutive^ expressed CaMV 35S promoter. 
Plant Transformation 
Transformation and screening of transgenic Arabidopsis were based on the procedures 
described by Bechtold and Pettetier (1998). Briefly, the construct with antisense CACI-A 
cDNA (pBI35CAC 1 -A-antisense) was eiectroporation-transferred into Agrobacterium 
tumefaciens (strain C58C1). Flowering Arabidopsis plants (~40 days after germination) were 
incubated 10 min in 0.5X Murashige and Skoog's salts (Gibco BRL), 5% sucrose, IX 
Gamborg's vitamin [Sigma, St. Louis, MO], 0.5 g/L MES, pH 5.7, 0.044 gM 
benzylaminopurine, 200 (.il Silwet L-77 [Lehle Seeds, Round Rock, TX] plus Agrobacteria 
containing the pB 13 5C AC 1 - A-antisense plasmid. 
To screen for kanamycin resistance, the seeds were surface sterilized by vortexing in 
50% (v/v) regular bleach (5.25% sodium hypochlorite), 0.02% Triton X-100 and incubating 
in this solution for 7 min. After rinsing three times with sterile distilled water, the seeds were 
sown on Selection Medium (IX MS salts, 50 gg/ml kanamycin, 1% sucrose, 1 X Gamborg's 
vitamin, 0.5 g/L MES, pH 5.7 and 0.8% purified agar [Becton Dickinson, Cockeysville, 
MD]) in Petri plates. After ~12 days on Selection Medium, kanamycin-resistant seedlings 
were transferred into soil. 
PCR and Southern Analysis 
PCR was based on the procedure of Klimyuk et al. ( 1994). A small piece of leaf (2-4 mm2) 
was boiled in 40 pi of 0.25 N NaOH for 30 seconds, neutralized by adding 40 (j.1 of 0.25 N 
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HCl and 20 |il of 0.5 M Tris.Cl, 0.25% (v/v) Nonidet P-40 (Sigma), and further boiled for 2 
min. 2 gl of the supernant solution was used as the template for PCR reaction. 
CACl-A cDNA specific primers were designed to track the transgene. Primers pC-F 
(5'-C ATCTT AT GCCC AGC AAAT GGC-3 ') and pC-R (5-CAGTGACAACGAAGGGGAA 
ACG-3') amplify a 933-bp fragment from the CACl-A genomic gene, but a 462-bp fragment 
from the CACl-A cDNA. Thus a PCR reaction using this primer pair yields one 933-bp 
fragment in the WT plants, and a 933-bp and a 462-bp fragment in the transgenic plants. 
PCR reactions were carried out using 35 cycles of 94°C. 1 min: 56°C. 1 min: and 72°C. 1.5 
min; and a final cycle of 72°C, 10 min. The PCR products were separated by agarose gel 
electrophoresis with 1.2% agarose. 
Total DNA was isolated from plant leaves based on the method of Rogers and 
Bendich (1994). To confirm the incorporation of the CACl-A transgene in the plant genome, 
total DNA was digested with restriction enzymes EcoR I and Hind III, then fractionated on 
0.8% of Agarose gels. The DNA was then transferred onto MAGNA nylon membrane 
(Osmonics, Westborough, MA) and hybridized with Pj2-labeled CACI-A cDNA. To 
investigate nuclear DNA fragmentation, total plant DNA was fractionated by 2% agarose gel 
electrophoresis. The P32-labeled probe was prepared from total plant DNA digested with 
Sau3A I before labeling. Blots were prehybridized and hybridized under standard conditions 
(Sambrook et al., 1989), and were washed 10 min in 2 x SSC and 0.1% SDS, and 10 min in 1 
x SSC and 0.1% SDS, both at 65°C. 
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Histochemical Staining 
Trypan blue staining of plant leaves was carried out as previously described (Keogh et al.. 
1980; Bowling et al., 1997; Peterhansel et al., 1997; Mou et al.. 2000). Plant leaves were 
harvested and incubated in a staining buffer (30 ml ethanol. 9.5 ml phenol, 10 ml water. 10 
ml glycerol, 10 ml lactic acid, and 10 mg trypan blue) in a boiling water bath for 3 min. and 
left at room temperature for ~1 hr. The stained leaves were destained by transfer into 1 g ml" 
1 of chloral hydrate solution and boiled in a water bath for 20 min. After several destainings. 
the plant leaves were investigated and photographed under a stereomicroscope (Olympus, 
Melville, NY). 
Immunoblot Analysis 
Total protein was extracted from leaves and fractionated on a 10% SDS-PAGE gel 
(Laemmli, 1970). Proteins were electrophoretically transferred to a nitrocellulose filter and 
detected using l23I-streptavidin (Nikolau et al., 1984) or antisera and i:bI-protein A (Kyhse-
Andersen, 1984). Antisera against the BCC-1, BC, a-CT and p-CT subunits of Arabidopsis 
were previously generated and characterized (Choi et al., 1995; Sun et al., 1997: Ke et al.. 
2000). Hybridized blots were exposed to a phosphor image screen and scanned using a 
Storm 840 scanner. The hybridization signals were quantitated by ImageQuant software 
(Molecular Dynamics. Sunnyvale, CA). 
Malonic Acid Supplementation 
CACl-A antisense plants were grown in soil for 30 days until bolting. Plants with antisense 
phenotype were then randomly assigned to four groups and sprayed with tap water, 0.2. 2. 
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and 10 mM of malonic acid (pH 5.7, with 0.01% Triton X-100), twice a day (one in the 
morning and one in the afternoon), for 10 days. 
Fatly Acid Analysis 
At 28 days after planting, rosette leaves were collected prior to full expansion (leaves 10-12) 
for fatty acid analysis. 200 gg of triheptadecaroin (Sigma) was added to each leaf as an 
internal control. Fatty acid analysis was conducted from a single leaf after extraction in 2.5% 
H2SO4 in methanol at 80°C as described (Wu et al., 1994). 
Determination of fatty acid composition in seeds was conducted using a procedure 
modified from that of James and Dooner (1990). 50 mg of seeds were used for each assay, 
with 2 mg of triheptadecaroin added as an internal control. Seeds were completely 
homogenized in 0.5 ml of chloroform/methanol (2:1, v/v) in a glass homogenizer and the 
mixture was transferred into a screw-capped tube. The homogenizer was washed with 0.5 ml 
of chloroform/methanol twice to transfer the mixture completely. The mixture was 
centrifuged and the supernatant was recovered. The residue was extracted once with 0.5 ml 
of chloroform/methanol (2:1. v/v) and once with 0.5 ml of chloroform. All the supemants 
were combined and washed with 350 gl of distilled water. After a brief spin, the bottom 
organic part (~1 ml) was retrieved and dried by blowing with Ni gas. Samples were 
methylated by adding 400 pi of 1 N NaOCHa in methanol. After 45 min at room temperature 
with occasional shaking, 600 (il of distilled water and 300 pi of hexane were added to stop 
the reaction and to extract the fatty acid esters. The supemant (hexane phase) was retrieved 
for GC analysis. 
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RNA Extraction and Northern Blot Analysis 
Total RNA was isolated from 30-day old plant leaves using the method of Chomczynski and 
Sacchi (1987). Poly A+ RNA was extracted and purified following the Oligotex mRNA 
Batch Protocol using an Oligotex mRNA Kit from Qiagen (Valencia. CA). For Northern blot 
analysis, 10 pg of total RNA or 200 pg of poly A+ RNA was first incubated in a buffer of 
formamide 50% (v/v), formaldehyde (37% [w/w] solution, Fisher, Pittsburgh, PA) 17.5% 
(v/v) and EtBr 0.05 pg mL"1 in 1 x MOPS running buffer (MOPS 20 mM. NaOAc 5 mM. 
EOT A 1 mM, pH 7) at 65°C for 5 min and separated in a 1.2% agarose gel in 1 x MOPS 
running buffer with 5.4% (v/v) of formaldehyde. The RNAs were then transferred onto 
nylon membranes and hybridized with P32-labeled DNA probes (Sambrook et al., 1989). The 
blots were washed three times, each time 15 min, with 2 x SSC and 0.1% SDS. 0.5 x SSC 
and 0.1% SDS, and 0.1 x SSC and 0.1% SDS. 
cDNA Microarray and Statistical Analysis 
Poly A+ RNAs were extracted from leaves (harvested 9 hr after daybreak) of WT and CAC1-
A antisense plants grown under continuous light for 28 days. Poly A+ RNA samples were 
analyzed by the Stanford Arabidopsis Functional Genomic Consortium (AFGC) Project. 
Two arrays were used to hybridize cDNAs reverse-transcribed from poly A+ RNA from WT 
and CACl-A antisense transgenic plants. The red and green dyes were swapped in the two 
arrays (Table 5). 
Each AFGC Arabidopsis microarray can hold up to 12,160 spots, divided into 32 
subarrays called sectors. Spots within each sector are printed by the same print pin. Each 
sector contains up to 380 spots, thus needs up to 380 printings to produce an array. The 
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template DNAs used to make the AFGC microarray are from the EST library prepared at 
Michigan State University for the EST sequencing project. Generally, each cDNA is -400 
bp of sequence from the 5'-end of the cDNA (Newman et al. 1994). Each array has a total of 
11,483 cDNA spots, of which 11,116 are unique cDNAs, 172 are duplicated twice, and three 
other cDNAs duplicated 3, 8, and 12 times, respectively. While most of the cDNAs spotted 
on the array are from Arabidopsis, a few of the cDNAs are genes from other organisms used 
as controls. 
We used the raw mean intensity of each spot, subtracting the median background 
surrounding each spot, as the intensity measurement, as recommended by AFGC. It is 
widely believed that the measurement error of extreme high or low intensities is significantly 
different from that of moderate intensities (Roberts et al., 2000; Newton et al., 2001). Thus, 
to normalize and to test significance, we used a data set that excluded spots whose raw 
intensity was either less than twice of its median background, or reached intensity saturation. 
This data set contains 9,620 cDNA spots, corresponding to 9,513 unique cDNAs. Then this 
same normalization was applied to the remaining 1.863 cDNA spots to calculate the gene 
expression change. 
To accurately evaluate the gene expression change between WT and CACl-A 
antisense plants, we made the following adjustment to normalize the microarray data: (1) The 
data of each dye of each array were fitted to an ANOVA model with sector and printing to 
adjust the system biases due to array, dye, sample, print-pin and the printing process (Qian 
and Nettleton, in preparation). (2) The two arrays were a replicate to each other, thus we 
expected that the log- ratio of intensity of red/green for array 1 is similar to that of green/red 
for array 2. In this experiment, although these two log-ratios are highly correlated, their 
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spreading magnitudes are quite different. Yang et al. (2000) introduced an approach to adjust 
the spreading between print-pin groups within an array. We extended this approach to adjust 
the spreading of the log-ratios from the two duplicated arrays such that these two log-ratios 
have a similar spreading. We assumed the log-ratio of intensity of red/green for array 1 and 
green/red for array 2 follow a normal distribution a2cr and b2cr. respectively, with cr the true 
variance for the ratio. The maximum likelihood estimates of a and b were estimated under 
the restriction of a2+b2 = 2, thus the total variance keeps constant. (3) After the above 
adjustment, gene expression change was calculated by averaging the log-ratio of R/G of array 
1 and G/R of array 2 for all the spots for each gene. 
To decide what genes have a significant expression change, bootstrap resampling is 
conducted to evaluate the /7-value of each gene expression change. 20,000 bootstrap datasets 
were generated to fit the ANOVA model and to evaluate the ^-values using an algorithm 
previously described (Kerr et al. 2000; Efron and Tibshirani. 1986). 
2 DE Analysis of Protein Abundance 
Crinkly leaves were collected from 30-day old antisense plants with moderate to severe 
phenotype (Figure 5A); the first several WT-like leaves were excluded. The corresponding 
leaves of WT plants were also collected. Total protein was extracted from leaves using a 
TCA/acetone procedure (Molloy et al., 1998; Dunn et al., 1996; Rabilloud et al., 1997). 
Leaves were ground in a mortar with liquid nitrogen and then incubated in 10% (vv/v) 
trichloroacetic acid in acetone with 0.07% (v/v) 2-mercaptoethanol (4 ml per 1 g leaves) for 
2 hr at -20°C. The protein was precipitated by centrifuging, and the protein pellet was 
washed with ice-cold acetone containing 0.07% 2-mercaptoethanol 3 times to remove lipids 
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and pigments. The protein pellet was dried in the air and dissolved in rehydration buffer (7 
M urea, 2 M thiourea, 4% CHAPS [w/v], 40 mM Tris, trace bromophenol blue. 0.5% [v/v] 
IPG buffer [Amersham Pharmacia], 2 mM tributyl phosphine [TBP]). Insoluble components 
were spun down and removed by centrifuging at 1,5000 g for 15 min. 
Immobiline DryStrip gel strips (Amersham Pharmacia, Piscataway. NJ) of linear 
gradient pH 4-7, 13 cm were used to carry out the first phase of 2-DE analysis. Gel strips 
were rehydrated with 250 pi rehydration buffer containing -400 pg protein for 10 hr at 20 V 
to increase the entry of high MW proteins into gel strips. Isoelectric focusing was performed 
on an IPGPhor instrument (Amersham Pharmacia) with a preset voltage setting of 100 V for 
1.5 hr, 500 V for 1 hr, 1000 V for 1.5 hr, 2500 V for 1.5 hr, 5000 V for 1.5 hr and 8000 V for 
-10 hr to a total -90000 Vh. Upon IEF, the gel strips were immersed in equilibration buffer 
(50 mM Tris, pH 6.8, 6 M urea, 3% SDS [w/v], 30% glycerol [v/v], 250 pM TBP, trace 
bromophenol) to saturate the strips and denature the protein. The second dimension 
electrophoresis was 12.5% SDS-PAGE. After electrophoresis, the SDS-PAGE gels were 
stained by incubating in colloidal Coomassie blue (17% (NH^SCM [w/v]. 34% methanol 
[v/v], 3.6% phosphoric acid [v/v], 0.1% Coomassie brilliant blue [w/v]) for over 24 hr and 
destained with 1% acetic acid until the background was clear. 
Stained gels were scanned using a Densitometer GS-800 (BioRad, Hercules, CA). 
Protein spots on the gels were detected and analyzed using PDQuest software (BioRad). 
Microscopy 
Plants were grown until 28 days after imbibition. The fifth and 10th true leaves (counting 
from post-cotyledon up), from three WT, and severe and moderate CACI-A antisense plants 
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from four independent transgenic lines were harvested and processed for microscopic 
anatomic analysis. Leaves were submerged in 2% paraformaldehyde and 2% glutaraldehyde 
in a 0.1 M cacodylate buffer, pH 7.2. Leaf punches, 1 mm in diameter, were taken from the 
mid-section of each leaf, or whole tiny leaves from severely-affected plants were harvested. 
The longitudinal mid-point was determined by dividing overall leaf length (from the first set 
of marginal lobes to leaf tip) in half. The tissue was fixed overnight at 4°C. post-fixed with 
1% osmium, dehydrated in a progressive ethanol series and embedded in Spurr's resin (EM 
Sciences, Fort Washington, PA). One micrometer sections from 3-10 leaf discs per leaf 
sample were cut, stained with 1% in toluidine blue, and examined and photographed under 
bright-field optics on a Leitz orthoplan microscope. Sixty nanometer thin sections were cut 
and stained with 5% uranyl acetate in methanol and Sato's lead for observation under a JEOL 
(Japan Electron Optics Laboratory, Akishima, Japan) 1200 EX scanning transmission 
electron microscope. 
Siliques from WT and CACl-A antisense plants were tagged by wrapping thread 
around the silique pedicel at 0 DAF and harvested at 7 and 14 DAF defined by Bowman et 
al. (1994). Siliques were cut in 2-3 mm increments, while immersed in fixative, sectioned, 
stained, observed and photographed as above. 
CACl-A Antisense Cell Measurement 
Three enlarged light microscopic images from the tenth true leaf of WT plants and the tenth 
true leaf from three independent CACl-A antisense transgenic lines with a severe phenotype 
were enlarged for measurement. The width and height of 15-49 epidermal, 14-49 spongy and 
10-30 palisade parenchyma cells from each enlarged section were measured with an mm 
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ruler. The measurements were converted to actual cell size via print magnification 
calculation and averages and standard deviations calculated. 
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Table 1. Severity of Morphological Changes in CACI-A Antisense Plants3 
Severity* 
Time of 
Phenotype 
Onset 
Leaf Morphology Mature Plant Size Seed (40 DAP) Yield 
Very 
Severe 
Severe 
Moderate 
Slight 
WT Plant 
Upon 
germination 
About one 
week after 
germination 
About two 
weeks after 
After bolting 
or flowering 
(about 4 
weeks after 
germination) 
Yellow patches on cotyledons. None 
or less than four rosette leaves, which 
are all crinkly and yellow variegated. 
Normal cotyledons. One to four WT-
like rosette leaves. Most leaves 
undulated and yellow variegated with 
small green areas. All cauline leaves 
undulated and yellow patched. 
Normal cotyledons. More than four 
WT-I ike rosette leaves. One-half to 
two-thirds of rosette leaves undulated 
and yellow variegated. All cauline 
leaves yellow patched. 
Normal cotyledons. All rosette leaves 
are WT-like before bolting. After 
bolting and flowering, newly developed 
rosette leaves show crinkly and yellow 
variegation. Most cauline leaves are 
yellow patched. Yellow patches may 
only appear on the tips of cauline 
leaves. 
Survive less than a 
week. Rosette diameter 
is less than 0.5 cm 
when die. 
Rosette diameter is less 
than 3 cm. Height is 
less than 5 cm. Total 
rosette leaf weight is 
0.1-0.2 g. 
Rosette diameter is 
about 3 to 6 cm. Height 
is about 5 to 12 cm. 
Total rosette leaf 
weight is 0.2-0.6 g. 
Slightly smaller than or 
close to WT plants. 
Plant diameter is about 
10 to 12 cm. Height is 
about 28 to 35 cm. 
Total rosette leaf 
weight is 0.8-1 g. 
None 
Less 
than 
0.05 a 
About 
0.05 to 
0.3 s 
About 
0.3 to 
0.65 g 
About 
0.5 to 
0.65 g 
Compared to WT plants. CACI-A antisense plants without noticeable morphological 
changes not listed. 
Table 2. Association of Antisense Mutant Phenotype with CACI-A Antisense Transgene 
Phenotypic Segregation8 Phenotype/PCR Product6 
Line CAC WT X2 (p-value)6 CAC/462 C AC/93 3 WT/462 WT/933 
9-1-3 33 14 0.266 (0.61) 11 0 0 9 
8-2-2 24 10 0.235 (0.63) 7 0 0 7 
1-5-6 48 22 0.114(0.74) 14 0 0 12 
a Three transgenic lines showing 3:1 segregating ratio of antisense transgenic morphological changes were chosen to test the 
association of the antisense phenotype with CACI-A transgene. CAC, plants showing antisense morphological changes: 
crinkly and yellow variegated leaves; WT, plants without any morphological changes. 
b Leaves were harvested from individual plants and PCR reaction was carried out to amplify CACI-A. 462, plants with PCR 
products of 462 bp (transgene) and 933 bp (genomic DNA); 933, plants with PCR product of 933 bp only. 
e Calculation based on 3:1 segregation ratio. In parenthesis is the corresponding p-value of with degree of freedom of 1. 
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Table 3. Fatty Acid Composition in Leaves of WT and CACI-A Antisense Plants 
Leaf 
Fatty Acid Percentage 
(SE) 
16:0 16:1 18:0 18:1 18:2 18:3 
\i/Ta 17.2 3.7 16.6 3.7 16.1 42.7 W 1 (0.9) (0.5) (0-8) (0.4) (0.4) (2.6) 
Antisense 16.3 3.6 17.2 4.1 16.0 42.8 
WT-likeb (0.9) (0.2) (0.7) (0.8) (0.7) (0.8) 
Antisense 17.4 3.7 17.4 4.7 16.1 40.7 
Crinkly' (0.9) (0.5) (1.9) (0.4) (0.8) (0.9) 
a b c  „  _  n = 3, 7 and 3, respectively. 
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Table 4. Fatty Acid Composition in Seeds of WT and CACI-A Antisense Plants 
Fatty Acid Percentage 
Seed (SE) 
16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 22:0 22:1 
wr 
8.8 
(1.0) 
0.55 
(0.04) 
3.7 
(0.2) 
15.6 
(0.1) 
30.1 
(0.3) 
19.8 
(0.2) 
2.0 
(0.3) 
15.9 
(1.0) 
1.7 
(0.2) 
1.7 
(0.4) 
Antisense 
Mb 
8.2 
(0.04) 
0.46 
(0.06) 
3.2 
(0.2) 
14.1 
(0.9) 
29.3 
(0.7) 
22.1 
(0.7) 
1.9 
(0.04) 
16.7 
(0.5) 
2.2 
(0.1) 
1.9 
(0.02) 
Antisense 
Sc 
8.9 
(0.8) 
0.63 
(0.2) 
3.3 
(0.2) 
14.4 
(1.7) 
29.6 
(1.2) 
21.9 
(0.1) 
1.8 
(0.1) 
15.6 
(0.7) 
2.0 
(0.07) 
1.8 
(0.1) 
a n = 2. 
b Antisense plants with moderate phenotype (Figure 5A), n = 3. 
c Antisense plants with severe phenotype (Figure 5A). n = 2. 
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Table 5. Dye-swap Design to Identify Differentially Expressed Genes in 
CAC I-A Antisense Plants 
Array ExpIDa 
Dye 
Green Red 
1 12298 WT CAC I-A antisense 
2 12299 CACI-A antisense WT 
a Data publicly available at Stanford Microarray Database: 
http://genome-www4.stanford.edu/MicroArray/SMD/ 
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Table 6. Genes Down-regulated over Two Folds in CACI-A Antisense Plants 
No. -J*0'** ClonelD Accession (Putative) Function Change 
Reference for 
Function 
Transcription and transcription factor 
1 -3.66 G8B2T7 N96302 
2 -2.64 92M11XP AA586289 
3 -2.61 G2C2T7 N96639 
4 -2.75 G6E1T7 N96883 
5 -2.08 G4D3T7 N96769 
Putative RNA helicase Gururajan et al., 
1991 
Putative ATP-dependent Itadani et al., 
RNA helicase 1994 
RNA helicase -like Gee et al., 1994 
protein 
Transcription factor 
(HCF1); Acyl CoA 
binding protein 
Floral homeotic protein 
APETALA3 (AP3) 
Jack et al., 1992 
DNA duplication and translation 
1 -4.37 H3H5T7 W43694 
2 -2.41 147P24T7 T76243 
-2.41 F1G3T7 N96432 
DNA polymerase alpha Yokoi et al.. 
subunit 1997 
Poly A-binding protein 2 Hilson et al.. 
1993 
40S ribosomal protein S2 
Cell division control 
1 -3.16 168B8T7 R84199 
2 -2.36 205H2T7 H77244 
-2.26 113020T7 T42526 
Cell division cycle 2-like 
1 (PITSLRE protein 
kinase alpha) 
Cell division control 
protein 2 homolog 
Cdc2-like protein kinase 
Bunnell et al., 
1990; Eipers et 
al., 1992 
Ferreira et al., 
1991; Hirayama 
et al., 1991 
Magyar et al., 
1997 
Stress-related 
1 -2.65 H6D6T7 W43830 
2 -2.53 123N20T7 T44251 
3 -2.14 K3B6RP AA728438 
Similar to DNA 
mismatch binding protein 
Harpin-induced protein­
like 
Contains similarity to 
disease resistance protein 
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Table 6. (continued) 
No. Fold Change ClonelD Accession (Putative) Function 
Reference for 
Function 
Cellular structure 
1 -2.13 G7D10T7 N96260 Putative glucan synthase Ram et al.. 1995 
component 
2 -2.05 205D20T7 H77210 Putative nuclear matrix Masuda et al.. 
constituent protein 1 1997 
(NMCP1) 
3 -2.03 H6B10T7 W43814 Similarity to ALR 
Other metabolism 
1 -3.22 246F6T7 N97212 Calcium-dependent Harper et al.. 
protein kinase 1991 
2 -2.82 K3D3RP AA728441 Putative ethylene Hua et al., 1998 
receptor (ERS2) gene 
3 -2.41 316A6T7 AA395563 Machado-Joseph disease Kawaguchi et al. 
MJDla -like protein 1994 
4 -2.19 E1G7T7 AA041112 Putative oxidoreductase Oppermann et 
al., 1995; Rajan 
et al.. 1995 
5 -2.04 75F5T7 T45411 Putative carbonic Chirica et al.. 
anhydrase 1997 
6 -2.04 250F5T7 W43354 Phosphogluco-mutase Manjunath et al., 
(cytosol) 1998 
7 -2.14 K2E5RP AA728423 Oleosin-like protein 
8 -2.03 115M5T7 T43141 Oleosin, 18.5K van Rooijen et 
al., 1992 
9 -2.03 G2C12T7 N96637 Putative ABC transporter 
Unknown function 
1 -4.43 193N24T7 H76029 Unknown 
2 -4.17 133D23T7 T45501 Unknown 
3 -4.14 F3D9T7 N95940 Unknown 
4 -3.98 193I8T7 H76370 Unknown 
5 -3.79 H8C12T7 W43683 Unknown 
6 -3.13 H9D9T7 AA605316 Unknown 
7 -3.07 93G6T7 T21261 Unknown 
8 -2.61 E8F4T7 AA042764 Putative pollen surface protein 
9 -2.52 206G15T7 N37175 Unknown 
10 -2.45 113L20T7 T42489 PPR-repeat- containing protein 
11 -2.37 107H24T7 T41800 Protease-like protein 
12 -2.31 98D15T7 T21780 Unknown 
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Table 6. (continued) 
No. Fold Change ClonelD Accession (Putative) Function 
Reference for 
Function 
13 -2.31 G10E6T7 N96198 Unknown 
14 -2.29 F2B5T7 N96454 Unknown 
15 -2.25 206H8T7 AA597669 Unknown 
16 -2.23 E11B1T7 AA598191 Unknown 
18 -2.19 G2C5T7 N96641 Unknown 
19 -2.17 G11C9T7 W43186 Putative B2 protein 
20 -2.16 289C3T7 AA598182 Unknown 
21 -2.08 31D11T7 T04736 Unknown 
22 -2.05 H1G1T7 W43533 Unknown 
23 -2.02 140I10T7 T76042 Unknown 
24 -2.01 F10F11T7 N96597 Unknown 
25 -2.01 G3H1T7 N96232 Unknown 
26 -2.01 F4B7T7 N95991 Unknown 
27 -2.00 K3G10TP AA728663 Unknown 
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Table 7. Genes Up-regulated over Two Folds in CACI-A Antisense Plants 
Ch°aL ClonelD Accession (Putative) Function 
Reference for 
Function 
Transcription and transcription factor 
1 4.50 198M7T7 AA597443 DNA-directed RNA Nam et al., 1996 
polymerase 
2 2.48 G12G5T7 W43515 Putative DNA-directed Corden et al.. 
RNA polymerase 1985 
3 2.05 105Q20T7 T22669 Putative splicing factor 
Translation and protein formation 
1 3.02 104M3T7 T21985 Protein disulfide 
isomerase 
2 2.19 139K15T7 R84078 Putative protein 
disulfide isomerase 
3 2.05 132D1T7 AA728615 60S ribosomal protein 
L39 
Signal transduction 
1 3.61 G6A8T7 N96858 NPK1-related protein Nishihama et al., 
kinase 3 1997 
2 2.82 231P18T7 N65559 MAP kinase 3 Mizoguchi et al., 
1993 
3 2.20 127H15T7 T44940 MAP kinase kinase 5 Ichimura et al.. 
1998a. 1998b 
4 2.03 G11B1T7 W43385 Putative WRKY protein; 
transcription factor 
Stress-related 
1 14.56 E2E3T7 AA041174 Putative glutathione Czamecka et al., 
transferase (Oxidative 1988; Hagen et 
stress) al., 1998 
2 3.13 246D16T7 N97197 Putative glutathione van der Kop et 
transferase al., 1996 
3 2.22 122N18T7 T43720 Glutathione S- Zettl et al., 1994; 
transferase Zhou et al., 1993 
4 2.51 153D16T7 T76473 Putative GDP-mannose Conklin et al., 
pyrophosphorylase 1999 
(Oxidative stress) 
5 2.21 110P7T7 T42186 Superoxidase dismutase Hindges and 
(Oxidative stress) Slusarenko, 1992 
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Table 7. (continued) 
No. „[old ClonelD Change Accession (Putative) Function 
Reference for 
Function 
6 3.04 162I9T7 R29890 
7 2.64 116I10T7 T42743 
8 2.59 103B17T7 T22234 
9 2.16 184F12T7 H37120 
10 2.04 H6C9T7 W43828 
11 2.01 137I22T7 T45626 
12 2.41 E5E10T7 AA042089 
13 2.20 E2E4T7 AA041175 
14 2.02 G8F5T7 N96343 
Bax inhibitor-1 like 
(Wounding and 
pathogen infection) 
Bax inhibitor-1 like 
(Wounding and 
pathogen infection) 
N-hydroxycinnamoyl 
benzoyltransferase - like 
protein (Wounding and 
pathogen infection) 
Similar to small proteins 
induced by heat, auxin, 
ethylene and wounding 
Receptor protein kinase-
like protein (Pathogen 
infection; Cellular 
signaling) 
Putative disease 
resistance protein 
Late embryogenesis 
abundant protein 
homolog 
Similar to ripening-
induced protein; latex­
like protein 
Contains similarity to 
Glycine SRC2 (Cold 
stress) 
Kawai et al., 
1999; Sanchez et 
al.. 2000 
Kawai et al.. 
1999; Sanchez et 
al., 2000 
Komjanc et al.. 
1999; Walker, 
1993 
Weaver et al.. 
1998 
Takahashiand 
Shimosaka, 1997 
Cellular structure 
1 3.16 H5C8T7 W43550 
2 2.77 42D1T7 T13859 
3 2.39 188C18T7 R90036 
Contains similarity to Hazanetal., 1999 
spastin protein 
Structural maintenance Rocques et al., 
of chromosomes (SMC) 1995 
- like protein 
Peroxidase 
4 2.09 162D22T7 
Fujiyama et al.. 
1988 
AA720256 Pseudogene peroxidase Fujiyama et al.. 
1988 
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Table 7. (continued) 
No. Fold Change ClonelD Accession (Putative) Function 
Reference for 
Function 
5 2.01 I07C11T7 T22760 Small GTP-binding Anuntalabhochai 
protein RHA1 et al.. 1991: 
Terryn et al.. 
1993 
Other metabolism 
1 3.73 113N21T7 T42513 Peroxisomal integral Moreno et al., 
membrane protein 1994 
2 2.61 218B8T7 N38089 Similar to putative Reddy et al.. 1996 
kinesin heavy chain 
3 2.43 146E10T7 T75796 Tail-specific thyroid Brown et al.. 
hormone up-regulated 1996 
4 2.24 216N14T7 N38043 Mitochondrial pyruvate Luethy et al., 
dehydrogenase El alpha 1995 
subunit 
5 2.19 E12D8T7 AA042669 Anther-specific proline- Roberts et al.. 
rich protein APG 1993 
6 2.17 E3G4T7 AA042191 Putative nonspecific Skriver et al.. 
lipid-transfer protein 1992; Bemhard et 
precursor al., 1989 
7 2.09 128B11T7 T44999 Cytochrome P450 
likeTBP 
8 2.09 136E1T7 T45961 Putative alanine Son and 
aminotransferase Sugiyama, 1992 
9 2.09 123N22T7 T44253 Blue copper binding­ van Gysel et al., 
like protein 1993 
Unknown function 
I 3.60 194K8T7 H76073 Unknown 
2 3.30 193P6T7 H76041 Unknown 
3 2.61 G11C1T7 W43395 Unknown 
4 2.46 195P17T7 AA597346 Unknown 
5 2.43 41H3T7 T13839 Unknown 
6 2.42 172B8T7 H35961 Conglutin gamma Scarafoni et al.. 
2001 
7 2.39 92D17XP AI 100577 Unknown 
8 2.34 11306T7 T42530 Unknown 
9 2.34 306C8T7 AA394366 Unknown 
10 2.33 173J4T7 H36488 Unknown 
11 2.28 H3G12T7 W43662 Unknown 
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Table 7. (continued) 
No. Fold Change ClonelD Accession (Putative) Function 
12 2.26 H4F8T7 AA713347 RING zinc finger protein 
13 2.25 H1H12T7 W43539 Unknown 
14 2.25 109N8XP AA394936 Unknown 
15 2.24 G1C2T7 N96077 Unknown 
16 2.23 226L8T7 N65081 Unknown 
17 2.22 174P10T7 H36159 Unknown 
18 2.21 109H16XP AA395023 Unknown 
19 2.20 F5E5T7 N96556 Unknown 
20 2.17 39E10T7 T04380 Unknown 
21 2.15 202J19T7 AA597617 Unknown 
22 2.14 130A16T7 T44686 Unknown 
23 2.13 F3D8T7 N95939 Phospholipase A2-
activating protein 
24 2.12 88A13XP AI 100407 Unknown 
25 2.11 E6A3T7 AA042289 DNA-binding protein 
CCA1 
26 2.10 G8A11T7 N96291 Unknown 
27 2.09 G3D10T7 N96727 Norbin 
28 2.08 E7B4T7 AA042157 Unknown 
29 2.07 131A9XP AA394505 Unknown 
30 2.07 103B2XP AI 100735 Unknown 
31 2.06 41D8T7 T13812 Unknown 
32 2.06 181H2T7 H37000 Unknown 
33 2.04 275C5T7 AA651600 Mitochondrial gene 
34 2.04 316B12T7 AA395565 Unknown 
35 2.01 221N5T7 N38256 Unknown 
36 2.01 87D5XP AA586185 Unknown 
Reference for 
Function 
Chopra et al., 
1999 
Shinozaki et al.. 
1997 
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Table 8. Protein Spots with Differential Expression 
between WT and CACl-A Antisense Plants 
Spot 
Intensity (% of Gel Total)3 
FCb 
Antisense WT 
1 0.72+0.16 0.15±0.05 4.9 
2 0.46±0.17 O.I2+O.O7 3.9 
3 0.18±0.04 0.04±0.01 4.5 
4 0.50±0.10 0.12±0.02 3.5 
a Mean ± SE. n = 3. 
b Protein accumulation change fold. 
FC = Antisense intensity / WT intensity. 
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Figure 1. Morphological Changes in CACl-A Antisense Arabidopsis Plants. 
(A) and (B) CACl-A antisense and WT plants at 25 DAI (A) and 38 DAI (B). White arrows 
in (A) point to tiny antisense plants with a very severe phenotype. 
(C) to (F) Representative antisense plants with decreasing severity of phenotype ([Cl to |EJ) 
and WT plant (F) at 31 DAI. Bars = 1 cm. 
(G) and (J) Cotyledon of antisense plant with severe phenotype (G) and WT (J) at 11 DAI. 
Bars = 0.1 cm. 
(H) and (K) Rosette leaves of antisense (H) and WT plant (K) at 34 DAI. Bars = 1 cm. 
(I) and (L) Cauline leaves of antisense (I) and WT plant (L) at 34 DAI. Bars = 1 cm. 
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Figure 2. Histochemical Staining of Leaf with Trypan Blue. 
(A) to (C) WT leaf before (A) and after (|BJ and [CJ) Trypan Blue staining. (C) is a 
magnification of part of the leaf in (B). Bars in (A) and (B) = 0.5 cm; bar in (C) = 0.1 cm. 
(D) to (F) and (G) to (I) CACl-A antisense leaves. (F) and (I) are a magnification of part of 
the leaves in (E) and (H), respectively. Bars in (D), (E), (G) and (H) = 0.5 cm; bars in (F) 
and (I) = 0.1 cm. 
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Figure 3. Nuclear DNA not Fragmented in CACl-A Antisense Plants 
DNA was isolated from leaves of WT plants and CACl-A antisense plants with severe 
phenotype, fractionated on 2% agarose gel, and hybridized with Pj2-labeled total plant DNA 
digested with Sau3A I. WT, WT plant; lanes 2 and 3, CACl-A antisense plants. Numbers at 
left indicate positions of DNA standards in kilobases. 
Figure 4. PCR Amplification of CACl-A Transgene Using CACl-A Specific Primers. 
PCR amplification products from leaf samples from WT and CACl-A plants were 
fractionated on a 1.2% agarose gel. PCR primers are predicted to amplify a 462-bp fragment 
from the transgene in CACl-A antisense plants. M, DNA standards of 123-bp DNA ladder: 
CAC, CACl-A antisense plant; WT, WT plant. Numbers at right indicate the size of PCR 
products in basepairs. 
Figure 5. Correlation of the Severity of the Morphological Changes in CACl-A Antisense 
Plants with BCC-1 Abundance. 
(A) Phenotype of plants used to investigate the relationship between BCC-1 abundance and 
phenotype severity. Bars = 1 cm. 
(B) BCC-1 abundance in WT and CACl-A antisense plants. Total protein was extracted 
from WT, CACl-A antisense plants with a moderate and a severe phenotype. Equal amount 
of protein (50 ^g) from each plant was loaded and blotted with antisera against BCC-1 
followed by 123I-labeled protein A or '"^I-labeled streptavidin. Numbers below each blot are 
signal intensities relative to the average intensity of the WT (100). 
(C) Comparison of BCC-1 abundance in WT and CACl-A antisense plants. BCC-1 signal 
intensities from WT (n = 5), moderate (M) (n = 4) and severe (S) (n = 3) CACl-A antisense 
plants in (B) were averaged. The error bars indicate the SEM. 
(A) to (C) WT, WT plant; M, CACl-A antisense plant with moderate phenotype; S, CACl-A 
antisense plant with severe phenotype. Three repeats of this experiment displayed similar 
results. 
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Figure 6. Accumulation of the Four Subunit Proteins of Heteromeric ACCase in CACl-A 
Antisense Plants. 
(A) Total proteins were extracted from leaves of three WT plants and five antisense 
transgenic plants with moderate and severe phenotypes. Equal amount of each independent 
protein sample (50 |ig) was loaded and fractionated by SDS-PAGE. The blots were then 
incubated with antisera against BCC-1, BC, a-CT or (3-CT, followed by '^[-labelled protein 
A. Bands were quantitated using ImageQuant software. Numbers below each blot are signal 
intensities relative to the average intensity of the WT (100). 
(B) The mean intensity relative to WT of the four subunit proteins of ACCase in the five 
antisense plants from (A). The error bars indicate the SEM. 
(A) and (B) WT. WT plants: M, CACl-A antisense plant with moderate phenotype; S. CAC1-
A antisense plant with severe phenotype. Three repeats of this experiment displayed similar 
results. 
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Figure 7. mRNA Abundance of Heteromeric ACCase in CACl-A Antisense Plants 
Total RNA was extracted from leaves of WT and crinkly leaves of CACl-A antisense plants. 
Equal amounts of RNA (10 |ig) were fractioned and blotted with P^"-labeled CAC'2. CAC3 
and accD cDNAs. WT, WT plant; CAC, CACl-A antisense plant with moderate to severe 
phenotypes. Three repeats of this experiment showed similar results. 
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Figure 8. Fatty Acid Contents in Leaves of WT and CACl-A Antisense Plants. 
(A) Mean fatty acid content per FW (open bar) and DW (solid bar) of plant leaves. The error 
bars indicate the SEM (n = 3. 7. and 3 for WT, antisense WT-like, and antisense crinkly 
phenotypic leaves, respectively). FW. fresh weight: DW, dry weight. 
(B) Mean fatty acid content in leaves per plant. The error bars indicate the SEM (n = 3). 
WT, WT plant; M, CACl-A antisense plant with moderate phenotype; S, CACl-A antisense 
plant with severe phenotype as in Figure 5A. 
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Figure 9. Fatty Acid Contents in Seeds of WT and CACl-A Antisense Plants. 
(A) Fatty acid content per weight of dry seeds. The error bars indicate the SEM (n = 2, 3, 
and 2 for WT, CACl-A antisense M and S plants, respectively). 
(B) Fatty acid content in seeds per plant. The error bars indicate the SEM (n=2. 3. and 2 for 
WT, CAC I-A antisense M and S plants, respectively). 
(A) and (B) WT, WT plant; M, CACl-A antisense plant with moderate phenotype: S. CACl-
A antisense plant with severe phenotype as in Figure 5A. 
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Figure 10. Global Protein Abundance in WT and CACl-A Antisense Plants. 
Total protein was extracted from WT and crinkly antisense plant leaves and separated by 2-
DE using gel strips of pH range of 4 to 7. Each sample is a mix of more than 10 plants and 
the samples were run 3 times. Numbered black arrows point to spots with consistent 
differential protein expression in all the 3 runs. Only the fraction of the gel with 
differentially expressed protein spots is shown. Protein standards in kilodaltons and the pH 
range of the gel are indicated at the left and bottom, respectively. 
106 
WT *nt\-CACI-A an Û-CACJ-A «n û-CACI-A 
Figure 11. CACl-A Antisense Ultrastructural Phenotype Corresponds to Severity of Leaf 
Phenotype. 
(A) and (E) WT leaves (control). 
(B) and (F) Moderate leaf from CACl-A antisense plants. 
(C) and (G) Moderate leaf from CACl-A antisense plants. 
(D) and (H) Severe leaf from CACl-A antisense plants. 
(A) to (D) Bars = 50 jam. (E) to (H) Bars = 15 pm. 
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Figure 12. Average Cell Size of Leaves from WT vs. CACl-A Antisense Plants. 
Values are averaged measurements taken from three leaf cross-sections each from 
independent transgenic line. 
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Figure 13. Cells of CACl-A Antisense Leaves Contain Altered Piastids and Mitochondria 
with Aberrant Membrane Structure. 
(A) Cells from the palisade layer of a WT plant. 
(B) Representative plastid and mitochondria from WT mesophyll cells. 
(C) Representative piastids found in CACl-A antisense plants. Piastids have disorganized 
membranes and a numerous plastoglobuli. 
(D) Cells from the palisade layer of a severely-affected CACl-A antisense leaf. 
(E) and (F) Representative subcellular alterations found in CACl-A antisense leaves. 
(A) and (D) Bars = 2 (am. (B), (C), (E) and (F) Bars = 500 nm. 
a = apoplastic space, m = mitochondria, mb = microbody, p = plastid, pg = plastoglobuli, v = 
vacuole. 
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Figure 14. CACl-A Antisense Siliques 7 and 14 DAF Contain Embryos at Developmental 
Stages Far Behind Those of WT Siliques. 
The altered developmental profile for a portion of antisense CACl-A embryos may be a 
product of the morphologically altered mitochondria. 
(A) Representative of WT torpedo embryos found within siliques 7 DAF. 
(B) to (F) Range of embryo stages found within CACl-A siliques 7 DAF. 
(G) Representative embryo found in WT 14 DAF siliques. 
(H) and (I) Embryos found within 14 DAF CACl-A antisense siliques. 
(A) to (I) Bars = 40 pm. 
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Figure 15. Developmentally Lagging Embryos from 7 DAF Siliques of CACI-A Antisense 
Plants Contain Aberrant Mitochondria. 
(A) Developing cotyledon from a torpedo-stage embryo in siliques of WT plant. 
(B) Developing cotyledon from a torpedo-stage embryo in siliques of CACl-A antisense 
plant. While both WT and CACl-A embryo cotyledons appear to contain lipid bodies similar 
in size, distinct alterations in mitochondria structure are apparent in the CACl-A embryo. 
These aberrant mitochondria are phenotypically consistent with those found in mature leaves, 
lb = lipid body, m = mitochondria. Bars = 500 nm. 
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CHAPTER 3. ALTERNATIVE LEU METABOLIC PATHWAYS - EVIDENCE 
REVEALED BY ANTISENSE EXPRESSION OF MCC-A OF 3-
METHYLCROTONYL-COA CARBOXYLASE IN PLANTS 
A paper to be submitted to Plant Physiology 
Hui-Rong Qian, Basil J. Nikolau, and Eve S. Wurtele 
ABSTRACT 
3-MethylcrotonyI-CoA Carboxylase (MCCase) is a biotin-containing enzyme that 
catalyzes the ATP-dependent carboxylation of 3-methylcrotonyl-CoA to form 3-
methylglutaconyl-CoA. Transgenic Arabidopsis expressing antisense RNA of the biotin-
containing subunit of 3-methylcrotonyl-CoA carboxylase, MCC-A, driven by CaMV 35S 
promoter, have been generated. These MCC-A antisense plants possess various levels of 
MCC-A expression ranging from undetectable MCC-A mRNA, MCC-A protein, and MCCase 
activity to levels of wild type plants. No morphological changes have been observed in 
MCC-A antisense plants. The accumulation of l4C-labeled propionyl-CoA, an intermediate 
metabolite of the proposed peroxisomal Leu catabolic pathway, is detected after incubating 
plants with l4C-Leu. MCC-A antisense plants accumulate more l4C-propionyl-CoA than WT 
plants. Dark treatment reduces l4C-propionyl-CoA accumulation. Searching the Arabidopsis 
genome for possible genes involved in peroxisomal Leu catabolism reveals a putative 
branched-chain amino acid aminotransferase in the peroxisome. However, similar searches 
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could not identify genes in the peroxisome encoding putative branched-chain 2-ketoacid 
dehydrogenase. Genes expressed differentially between WT and MCC-A antisense plants are 
of potential interest and identified by hybridizing total RNAs from WT and MCC-A antisense 
plants with Affymetrix Arabidopsis gene chips. Our study supports the existence of 
peroxisomal Leu catabolic pathway, but the establishment of a detailed pathway and the 
elucidation of its significance need more investigation. 
Abbreviations: HMG-CoA. 3-hydroxy-3-methylglutaryl-CoA: aKIC. a-ketoisocaproate: 
MCCase, 3-methylcrotonyl-CoA carboxylase; MC-CoA, 3-methylcrotonyl-CoA 
INTRODUCTION 
MCCase (EC 6.4.1.4) is a biotin-containing enzyme that catalyzes the ATP-
dependent carboxylation of MC-CoA to form 3-methylglutaconyl-CoA. MCCase is among 
the first enzymes that have been shown to contain and utilize biotin for catalysis (Lynen et 
al., 1959; Moss and Lane, 1971), and it helped to elucidate the biochemical function of biotin 
as a catalytic co-factor that carries an intermediate carboxyl group. MCCases from bacteria 
and animals have been extensively studied (Fall and Hector, 1977; Fall, 1981; Lau et al., 
1979, 1980; Lau and Fall, 1981; Schiele et al.. 1975; Schiele and Lynen. 1981). In these 
kingdoms, this enzyme is involved in Leu catabolism (Fig. 1). In animals, MCCase and Leu 
catabolism are located in mitochondria. Aberrations in the Leu catabolic pathway, including 
genetic defects in MCCase, are potentially fatal (Danner and Elsas, 1989; Sweetman, 1989). 
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In addition to its role in Leu catabolism, MCCase also functions in the mevalonate 
shunt in humans and in isoprenoid catabolism in several Pseudomonas species (Fig. I ). The 
mevalonate shunt converts mevalonate or isopentenyl pyrophosphate to MC-CoA, an 
intermediate metabolite of the Leu catabolic pathway (Popjak, 1971; Edmond and Popjak. 
1974; Hector and Fall, 1976a, 1976b; Bach et al., 1989; Bach, 1995; Kelley and Kratz. 1995; 
Subang et al., 1995). This pathway diverts carbon from isoprenoid biosynthesis and 
ultimately generates acetyl-CoA. Isoprenoid catabolism is poorly characterized. However, 
several Pseudomonas species catabolize noncyclic isoprenoids, such as geranoic acid, to 
acetyl-CoA by a modified (3-oxidation process. Geranyl-CoA carboxylase initiates this 
catabolism and it generates MC-CoA (Cantwell et al., 1978; Fall, 1981). 
Since the first demonstration of the existence of MCCase in plants (Wurtele and 
Nikolau, 1990), MCCases in different plants have been purified and characterized (Alban et 
al., 1993; Chen et al.. 1993; Diez et al.. 1994). Plant MCCase consists of two subunit 
proteins, MCC-A, a biotinylated subunit with biotin carboxylase activity, and MCC-B. a non-
biotinylated subunit with carboxyl transferase activity. The cDNAs and genomic clones for 
the two subunits of plant MCCase have been isolated and characterized (Song et al., 1994; 
Wang et al., 1994; Weaver et al., 1995; McKean et al., 2000). We have demonstrated that 
plant mitochondria may metabolize Leu in a similar pathway as in animals, by identifying the 
intermediate metabolites of radioisotopically labeled Leu and NaHCO] in isolated plant 
mitochondria (Anderson et al., 1998). Marinier et al. (1987) have provided evidence of the 
mevalonate shunt in plants. Recently we identified and purified geranoyl-CoA carboxylase 
from plants, indicating that plants may use a similar pathway to catabolize isoprenoids as in 
bacteria (Guan et al., 1999). This pathway may be interconnected with Leu catabolism. 
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Unique to plants, in addition to the Leu catabolic pathway in mitochondria, in vitro 
studies showed that Leu could be catabolized in peroxisomes via a free acid pathway that 
does not require MCCase (Gerbling, 1993; Gerbling and Gerhardt, 1988, 1989). In this 
pathway, MC-CoA is hydrolyzed to form 3-methylcrotonoic acid and free CoA. 3-
Methylcrotonoic acid is hydrolyzed to form 2-hydroxysiovaleric acid and further oxidized to 
2-ketoisovaleric acid, which is then activated into isobutyryl-CoA by oxidative 
decarboxylation. Isobutyryl-CoA is catabolized to form acetyl-CoA in the peroxisome via 
propionyl-CoA through a pathway similar to (3-oxidation (Fig. 1). Recently, a gene called 
chyl, encoding 3-hydroxyisobutyryl-CoA hydrolase, was cloned and shown to catalyze the 
transformation of 3-hydroxyisobutyryl-CoA into 3-hydroxyisobutyrate in peroxisomes 
(Zolman et al., 2001). The coordination and physiological significance of these two Leu 
metabolic pathways are not clear. 
To better understand the physiological role of MCCase and the coordination of the 
Leu metabolic pathways, we constructed transgenic Arabidopsis plants expressing antisense 
MCC-A, which encodes the biotin-containing subunit, to decrease the enzymatic activity of 
MCCase. Our investigation of MCC-A antisense plants provides new in vivo evidence 
supporting the function of the alternative Leu catabolic pathway in plant peroxisome, and 
suggests that the two Leu catabolic pathways may compensate for each other. 
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RESULTS 
MCC-A Antisense Transgenic Plant Lines Have Decreased MCC-A Protein and 
Decreased MCCase Activity 
To analyze the function and regulation of MCCase in plant metabolic pathways, we 
generated transgenic Arabidopsis plants expressing antisense MCC-A controlled by the 
CaMV 35S promoter. 56 independent antisense transgenic lines were obtained, as indicated 
by kanamycin resistance, PCR amplification and Southern blot analyses. 
To confirm that MCC-A gene expression is down-regulated in MCC-A antisense 
transgenic lines (from T2 to T5 generation), MCC-A protein abundance and MCCase activity 
were assessed. Leaves were harvested from WT and transgenic plants at 30 d after planting 
(DAP), which is before bolting under our growth condition. All rosette leaves were collected 
from each plant and total protein was extracted. The level of MCC-A protein was measured 
by incubating protein blots with l23I-streptavidin to monitor the biotinylation of MCC-A 
protein (Wurtele and Nikoulau, 1990). The MCC-A antisense plants contain a wide range of 
MCC-A protein levels from undetectable to similar to WT plants, shown in Figure 2A ranges 
from undetectable to about 70% that of WT plants. 
MCCase activity was measured in the same leaf samples. Leaves of these MCC-A 
antisense plants contain reduced MCCase activity, ranging from undetectable to about 80% 
of the WT (Fig. 2B). Moreover, in the MCC-A antisense plants, a high MCC-A protein 
abundance corresponds to a high MCCase activity, and low MCC-A abundance corresponds 
to low MCCase activity. The down-regulation of MCC-A protein level and the reduction of 
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MCCase activity are highly correlated with a correlation coefficient of 0.94 (p-value < 
0.0001). 
All the transgenic lines were grown to the T% generation. Twenty lines with 
decreased MCC-A protein accumulation were selected on the basis of Western blot analysis 
using l2sI-labeled streptavidin. Plants from these lines were grown to the T; generation. 
Although about half of the 20 MCC-A antisense lines have a very low MCC-A protein level 
and MCCase activity (Fig. 2), no morphological differences between MCC-A antisense and 
WT plants have been observed. 
We tried to screen MCC-A antisense plants to isolate homozygous lines of MCC-A 
transgene. Seeds were harvested from 6 offspring plants of each of 21 independent T> 
transgenic lines (1-3, 2-3, 2-5, 3-3, 3-5,4-2,4-4,4-6, 5-1, 6-1,6-2,6-4, 7-1, 7-2, 8-1, 8-3. 8-
5,9-4, 10-1,10-3, and 11-2) and tested for their kanamycin resistance. Progeny of sixteen T] 
transgenic lines were identified to all show complete kanamycin resistance, indicating that 
the T3s are homozygous lines. They are from 7 independent Ti transgenic lines (2-5,3-3, 4-
6, 7-2, 8-5, 9-4, and 10-3). However, later testing shows that MCC-A protein abundance in 
these homozygous lines are not as low as in the heterozygous line (data not shown). We do 
not know why MCC-A antisense transgene is less effective in the homozygous plant lines we 
identified. 
Experiments were carried out to stress plants thus hopefully to induce morphological 
differences between WT and MCC-A antisense plants: (I) WT and 4 MCC-A antisense lines 
were grown on MS media under continuous normal light (65.8 ^imol m"2 s"1), weak light (8.2 
pmol m"2 s"1), and complete dark after their germination for 40 d; (2) WT and 3 MCC-A 
antisense lines were grown under continuous light on MS media with a controlled external 
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carbon source of 0,1% or 3% sucrose; (3) WT and 2 MCC-A antisense lines were grown on 
MS media containing 0, 1,2, 5, 10,20,40, and 80 mM Leu; (4) in addition, WT and 7 MCC-
A antisense lines were grown in soil at 10°C after they geminated and grew under normal 
growth condition (23°C) for about 2 weeks. Seedlings cannot grow big without light; under 
weak light, seedlings are slim and much longer than under normal light. Plants appear 
healthier and their leaves are darker when grown on MS media with 3% sucrose compared to 
1% sucrose. Both plants on MS media containing 1% or 3% sucrose grow well and have 
similar size. Plants grow poorly on MS media without added sucrose. They remain small 
(less than 0.4 cm in diameter), have fewer leaves, and their leaves are pale. On MS media 
containing 0 to 5 mM Leu, seeds germinate and plants grow well. Grown on MS media with 
Leu between 5 to 20 mM, plants grow but the growth is inhibited. With 40 or 80 mM of Leu, 
seeds do not germinate. In no case of the 4 experiments was there a morphological 
difference observed between WT and MCC-A antisense plants. 
Effect of Dark Treatment on MCC-A Protein Abundance in MCC-A Antisense Plants 
Light is a regulatory factor for MCCase expression (Song et al., 1994; Wang et al.. 
1994; Che et al., 2002); MCCase gene expression greatly increases over a period of days 
after a plant is moved from a light to a dark environment. To investigate the effect of light 
on MCC-A protein abundance in MCC-A antisense plants, plants were grown either under a 
16 h light/8 h dark photoperiod for 30 d; or under a 16 h light/8 h dark photoperiod for 28 d, 
followed by a complete darkness. MCC-A abundance was then monitored. 
As expected, dark treatment increased MCC-A protein abundance in WT plants; this 
was the case for partially down-regulated MCC-A antisense plants as well (Fig. 3). MCC-A 
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abundance in these antisense plants is lower than that in WT plants after dark treatment at 
each time point. However, in the antisense transgenic lines with undetectable MCC-A 
accumulation, even in the darkness when the MCC-A expression is highly up-regulated in 
WT plants, the accumulation of MCC-A protein is barely detectable. 
MCC-A and MCC-B mRNA Abundance in MCC-A Antisense Plants 
To evaluate potential cross-talk between the two subunit genes of MCCase. the 
abundance of MCC-A and MCC-B mRNAs was measured in total RNA extracted from leaves 
of WT and MCC-A antisense plants at 30 DAP grown on MS media under a continuous light 
or under a continuous light followed by dark treatment (Fig. 4). MCC-A mRNA 
accumulation in MCC-A antisense plants is greatly reduced, in some plants it is not 
detectable. However, in the same RNA samples, the MCC-B mRNA abundance is not 
distinguishable from that in the WT plant leaves. 
In WT plants transferred into the darkness, MCC-A mRNA gradually accumulates, 
reaches the highest level 12 h after the plants are moved into the darkness, then gradually 
decreases (Fig. 4). The MCC-A antisense plants with a detectable MCC-A mRNA have a 
similar accumulation pattern. MCC-B mRNA abundance increases in response to dark 
treatment in a similar manner to MCC-A mRNA. We have shown that MCC-A and MCC-B 
mRNAs are coordinately expressed in WT plants (McKean et al.. 2000). However, in MCC-
A antisense plants, the regulation of MCC-B expression responding to dark is not affected by 
the down-regulation of MCC-A exression. 
119 
Identification of Intermediate Metabolites of Leu Metabolism by HPLC 
MCC-A antisense plants show no morphological changes. To investigate potential 
changes in metabolic pathways after down-regulating MCCase, leaves and roots of WT and 
MCC-A antisense plant were incubated in l4C-Leu, the intermediate metabolites were 
extracted and profiled by HPLC. Five l4C-labeled compounds were separated (Fig. 5A). 
The predicted Leu metabolites are either free acids or acyl-CoAs. To distinguish free acids 
from acyl-CoAs, extracts were incubated with NH3H2O to hydrolyze acyl-CoA derivates 
into free acids and Co A prior to HPLC analysis. Peaks 3, 4 and 5 were hydro ly zed after 
incubating in NH3H2O (Fig. 5B), indicating that they are acyl-CoAs. The retention time of 
each peak was compared with those of acyl-CoA standards (Fig. 5C). The average retention 
time for peak 2 is 13.4 min. Peaks 3,4 and 5 have an average retention time of 24.8 min. 
27.9 min and 37.2 min respectively, similar to acetoacetyl-CoA, propionyl-CoA and MC-
CoA. The identities of these 4 peaks were confirmed by adding aKIC (peak 2) or acyl-CoA 
(peaks 3,4, and 5) standards to the plant extracts and comparing the profile of the l4C-
radioactivity and the UV absorbance at 254 nm after HPLC separation (Fig. 6). 
Leu Metabolism in WT and MCC-A Antisense Plants 
In leaves fed with 14C-Leu, almost half of the recovered l4C radioactivity was in the 
form of aKJC for both WT and MCC-A antisense plants after incubation for 0.5 or 4 h under 
light or in the dark (Table 1). l4C-labeled propionyl-CoA was not detectable in any of the 
samples after 0.5 h of incubation with l4C-Leu. After incubating for 4 h, '4C-propionyl-CoA 
was detected in the extract from leaves of WT plants grown under light, but not in the dark. 
In contrast, l4C-propionyl-CoA was present in the MCC-A antisense leaves both under light 
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and in the dark (Fig. 7A and 7B), and the amount of l4C-propionyl-CoA under light is greater 
than that of WT leaves (Table 1 ). 
In similar feeding experiments, we incubated seedling roots with ,4C-Leu. Longer 
incubation times were used to increase the catabolism of l4C-Leu in this organ, thus to 
increase the chance to detect more intermediate metabolites. After for 8 h incubation, about 
40% of the recovered l4C is in aKIC for WT and MCC-A antisense plants grown under light 
or in the dark. After incubating for 24 h, the relative percentage of aKIC slightly decreases 
for both WT and MCC-A antisense plants under both conditions. l4C-propionyl-CoA was 
detected in all root extracts from WT and MCC-A antisense plants under light or in dark after 
8 or 24 h incubation (Fig. 7C and 7D; Table 2). Longer incubation in 14C-Leu under light 
increases the accumulation of l4C-propionyl-CoA. Under all conditions. MCC-A antisense 
plants accumulate over two times more l4C-propionyl-CoA than WT plants. 
Two additional compounds, identified as acetoacetyl-CoA and MC-CoA, were 
detected in the extracts of roots from MCC-A antisense plants. I4C-acetoacetyl-CoA was 
detected in all extracts of MCC-A antisense plants (incubated for 8 h or 24 h, grown under 
light or in the dark), but not in any of the extracts from WT plants (Table 2). Like l4C-
propionyl-CoA, the accumulation of ' 4C-acetoacetyl-CoA increases with incubation time 
with l4C-Leu. l4C-MC-CoA was detected in extracts from MCC-A antisense plants only 
when the incubation time was extended to 24 h. It was not detectable in extracts from WT 
plants. 
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Light-regulated Genes and Their Expression 
After moving from under light into the dark, plants catabolize fatty acids and proteins 
to compensate for the lack of photosynthesis for energy. This is consistent with our previous 
observations that dark treatment induces MCCase expression (Che et al., 2002). The gene 
expression pattern following transfer of plants to dark treatment reflects the metabolic change 
of plants to adapt the change of the growth condition. Leu catabolism is one of the pathways 
regulated by light. 
To globally compare gene expression between WT and MCC-A antisense plants, thus 
to investigate the expression and regulation of genes involving in Leu catabolism, total RNA 
was extracted from WT and MCC-A antisense plants grown on MS media under continuous 
light followed by complete darkness for 0, 2, 12, 24 and 72 h. Then the total RNAs were 
hybridized with Affymetrix oligonucleotide Arabidopsis gene chips. 
The gene expression change after plants are moved from the continuous light into the 
dark is dramatic. In both WT and MCC-A antisense plants 202 genes had an expression 
change of at least 5-fold during the first 72 h following transfer to dark. Figure 8 shows the 
expression of these 202 genes, clustered by the time point of their maximum expression level 
averaged over the WT and MCC-A antisense plants. 122 genes have reduced expression 
once the plants were moved into the dark. The mRNA accumulation of these genes reaches 
the highest under continuous light, then gradually decreases in the dark. Most of these genes 
have a lowest expression after 72 h. Among the genes in this cluster are light-harvesting 
chlorophyll- and photosynthesis-related genes, regulatory factors, genes involved in signal 
transduction, pathogen infection and other stress responses (Table 3). The mRNA 
accumulation of 42 genes increases in the dark, then decreases (Fig. 8 B-D; Table 4 cluster 2-
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4), although the highest accumulation appears at different times. These are genes involved in 
various regulatory and metabolic pathways. Among them are putative branched-chain amino 
acid aminotransferase (Table 4 cluster 3 #1 ), MCC-A (Table 4 cluster 3 #4) and branched-
chain a-ketoacid dehydrogenase (BCKDH) (Table 4 cluster 3 #9), which are (potential) 
components of mitochondrial Leu catabolic pathway. 38 genes show an increased gene 
expression once the plants are moved from continuous light into the dark. They generally 
reach the highest mRNA accumulation at 72 hr in the dark (Fig. 8 E; Table 4 cluster 5). 
These are mostly transcription factors and regulatory genes, genes involved in pathogen and 
stress defense, cell wall biosynthesis and expansion. Interestingly, two non-specific lipid 
transfer proteins are also in this category, indicating the plants may increase catabolism of 
lipids to get enough energy in the dark. 
Global Differential Gene Expression between WT and MCC-A Antisense Plants 
Following Transfer from Light to Dark 
Totally, 288 of the genes have different expression between WT and MCC-A 
antisense plants at at least one of the 5 time points (Table 5; Table 6). We define an 
expression change between WT and MCC-A plants when: ( 1 ) the comparison is claimed as 
"increase" or "decrease" by comparison analysis using Affymtrix Microarray Suite software; 
and (2) the expression fold-change is at least 2 (see Materials and Methods for details). 136 
genes have an expression change between WT and MCC-A antisense plants grown under 
continuous light. 71 genes are up-regulated and 65 genes down-regulated. After transferring 
the plants from under light to the dark, fewer genes have an expression change between WT 
and MCC-A antisense plants. At time 2 h, 14 genes are down-regulated and 19 genes are up-
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regulated; at time 12 h. 37 genes are down-regulated and 15 genes are up-regulated: at time 
24 h, 31 genes are down-regulated and 8 genes are up-regulated; at time 72 h, 66 genes are 
down-regulated and 6 genes are up-regulated. 
Of the 288 genes expressed differently between WT and MCC-A transgenic plants. 
249 genes have an expression change only once over the five time points of comparison 
(Table 5), 39 genes display differential expression over at least two time points (Table 6). It 
is surprising that there are very few genes differentially expressed over three or more time 
points, considering the constant down-regulation of MCC-A by the antisense transgene 
during the experiment (Table 6 #39). Besides MCC-A, only two genes are differentially 
expressed between WT and MCC-A plants at three time points. One is an osmotin precursor 
(Table 6 #37), and one is highly similar to cinnamyl alcohol dehydrogenase (Table 6 #38). 
Osmotin and osmotin-like proteins are a subclass of thaumatin-1 proteins, which is a class of 
pathogen-related proteins (King et al., 1988; Singh et al., 1987; Capelli et al.. 1997). 
Cinnamyl alcohol dehydrogenase catalyzes the reversible oxidation of cinnamyl alcohol to 
cinnamacetaldehyde, an important step in lignification for cell wall biosynthesis (Knight et 
al., 1992). Both proteins are believed to play important roles in plant defense. 
Genes Potentially Involved in Leu Catabolism 
The mitochondrial pathway of Leu catabolism is fairly well defined (Anderson et al., 
1998), the peroxisomal pathway is less well delineated. We identified genes (or putative 
genes) involved in the Leu catabolic pathways in the Arabidopsis genome. Mitochondrial 
and peroxisomal Leu catabolic pathways are quite different, however, the first three steps are 
very similar (Fig. 1). In both mitochondria and peroxisomes, Leu is first transformed into 
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aKIC by branched-chain amino acid aminotransferase (BCAAT). aKIC is then activated 
into isovaleryl-CoA by oxidative decarboxylation. Isovaleryl-CoA is oxidized and produces 
MC-CoA by isovaleryl-CoA dehydrogenase and acyl-CoA oxidase in mitochondria and 
peroxisome, respectively (Fig. 1). We expect similar enzymes for these processes. 
We searched "aminotransferase" using a name search over TIGR's Arabidopsis 
genome database website. Nine potential BCAATs have been identified. We then used each 
potential BCAAT sequence to blast-search the Arabidopsis genome. Totally 11 putative 
BCAATs were identified (Table 7). Target? (Emanuelsson et al., 2000) and PSORT (Nakai 
and Horton, 1999) were used to predict the subcellular localization of these BCAAT proteins. 
Three proteins were predicted to be present in mitochondria and one in peroxisomes. By 
comparing the sequences of these putative BCAATs with sequences used to design 
Affymetrix probes, three putative BCAATs were identified on the Affymetrix chip: two in 
mitochondria, and for one the location is not clear, it is predicted to be in chloroplast by 
TargetP. and in mitochondria by PSORT. We call them BCAAT-/. BCAAT-2 and BCAAT-3 
to facilitate later description. 
The decarboxylation of aKIC to form isovaleryl-CoA is catalyzed by BCKDH. In 
humans, mitochondrial BCKDH is a multifunctional complex consisting of four subunit 
proteins: El a, Eip, E2 and E3. It is expected that Arabidopsis has a similar enzyme 
complex; the Ela (Mooney et al., 1998a), Eip (Luethy et al., 1998; Fujiki et al., 2000), E2 
(Mooney et al., 1998b; Fujiki et al., 2000), and E3 (Lutziger and Oliver, 2000; Lutziger and 
Oliver, 2001) genes have been cloned and sequenced. We used these Arabidopsis cDNA 
sequences to blast-search the Arabidopsis genome. Two additional putative Ela and one 
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putative Eip were identified in this blast search (Table 7). The subcellular location of these 
two Ela is not clear; the Eip is predicted to be chloroplastic. No additional E2 and E3 
cDNAs were found in the Arabidopsis genome. The Ela reported by Mooney et al. (1998a), 
and one mitochondrial E3 are on the Affymetrix gene chip. Surprisingly, none of these 
cDNAs are (or predicted to be) targeted to peroxisomes. 
Other mitochondrial genes that have been cloned and characterized in Leu catabolism 
are MCC-A (Weaver et al., 1995), MCC-B (McKean et al., 2000) and isovavaleryl-CoA 
dehydrogenase (Daschner et al., 1999, 2001). MCC-A and MCC-B are on the Affymetrix 
gene chip. Similarly, a putative HMG-CoA lyase identified by TIGR staff, which catalyzes 
the lysis of HMG-CoAs to form acetoacetate and acetyl-CoA, is present on Affymetrix chip. 
This protein is predicted to be in mitochondria (Table 7). This is the only HMG-CoA lyase 
we could find in the Arabidopsis genome by blast searching all the cDNAs with this 
sequence. 
Compared to mitochondrial Leu pathway, the peroxisomal Leu catabolism pathway is 
complex and not fully defined (Fig. 1). We could not identify any putative peroxisomal 
BCAAT or BCKDH genes on the Affymetrix gene chip. Up to now, most studies in 
peroxisomes have focused on the p-oxidation of fatty acids, although it is expected that the 
two pathways share some similar reactions and enzymes. After the activation of fatty acids 
into fatty acyl-CoA, catalyzed by fatty acyl-CoA synthetase, the first reaction of P-oxidation 
is the oxidation of fatty acyl-CoA to form enoyl-CoA catalyzed by acyl-CoA oxidase. 
Peroxisomal isoforms of acyl-CoA oxidase specific for substrates of different length acyl-
CoAs have been cloned and characterized (Hayashi et al., 1999; Hooks et al., 1999). Short-
chain acyl-CoA oxidase probably has the activity to catalyze the analogous reaction in 
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peroxisomal Leu catabolism. Three acyl-CoA oxidases (AGO) genes, a short-chain ACO 
(Hayashi et al., 1999) gene, a medium-chain ACO gene, ACX2 (Hooks et al., 1999), and a 
putative long-chain ACO gene are present on the Affymetrix gene chip (Table 7). They are 
predicted to be localized in peroxisomes, based on previous studies and on predictions by 
software Target? and PSORT. 
Recently, an Arabidopsis mutant, chyl. resistant to indole-3-bytyric acid, has been 
identified as 3-hydro.xyisobutyryl-CoA hydrolase (HIH). which catalyzes the hydrolysis of 3-
hydroxyisobutyryl-CoA to form 3-hydroxyisobutyrate in branched-chain amino acid 
catabolism in the peroxisome (Zolman et al.. 2001). Genes for three putative HIHs, the first 
two predicted to be localized in peroxisomes and the third in the cytoplasm, were also 
identified as present on the Affymetrix chip. These proteins have 87%, 86% and 60% amino 
acid sequence identity with chyl, respectively. 
Expression of Genes in Mitochondrial Leu Catabolism in the Dark 
The expression pattern of MCC-A, MCC-B and the other genes identified as 
participating in mitochondrial Leu catabolism was revealed by the Affymetrix microarray 
experiment (Fig. 9). Upon moving the plants into the dark, MCC-A mRNA abundance 
increases dramatically in WT plants, reaching a maximum after 12 h in the dark of about 18 
times higher than in plants grown under continuous light. MCC-A mRNA is not detectable in 
the leaves of MCC-A antisense plants grown either under continuous light or at 2 h after 
moving plants into the dark. MCC-A mRNA is detectable at 12 h and accumulates to the 
highest level at 24 h after plants are moved in the dark. Compared to WT plants, MCC-A 
mRNA in MCC-A antisense plants is highly down-regulated. After 12 and 24 h in the dark. 
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MCC-A mRNA accumulation in leaves of MCC-A antisense plants is only about 3% and 9%. 
respectively, of that in WT plants. In both WT and MCC-A antisense plants, MCC-B. 
BCAAT-1 and BCKDH Ela have a similar expression pattern over the dark treatment as does 
MCC-A in WT plants. They are greatly up-regulated in the dark, reaching a maximum at 12 
h and then decreasing. BCAAT-1 has the greatest response to dark. In both WT and MCC-A 
antisense plants, its mRNA increased about 18 times by 2 h, and about 45 times by 12 h. The 
expression of these genes has no significant difference between WT and MCC-A antisense 
plants under the continuous light and over the four time points in the dark. The accumulation 
patterns of MCC-A and MCC-B mRNA revealed by the microarray experiment is consistent 
with results from Northern blot (Fig. 4). 
Unlike MCC-A or MCC-B, BCAAT-2, BCAAT-3, BCKDH E3 and HMG-CoA lyase 
mRNAs do not respond to dark. mRNA levels of BCAAT-2 and HMG-CoA lyase are quite 
stable over the different time periods after the plants are moved into the dark. BCAAT-3 and 
BCKDH E3 mRNA accumulation decreases after the plants were moved into the dark for 12 
h, then slightly increases, although the change magnitude is very small. 
Thus, except for MCC-A, the accumulated levels of mRNAs of the other seven genes 
represented on the chip and potentially involved in mitochondrial Leu catabolism are very 
similar between WT and MCC-A antisense plants. However, despite the small difference of 
mRNA accumulation between WT and MCC-A antisense plants, the mRNA accumulation of 
BCAAT-1 and BCAAT-3 in MCC-A antisense plants is always higher than that in WT plants, 
indicating the regulation of these two ATs may be associated with the regulation of MCC-A. 
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Expression of Peroxisomal Genes in the Dark 
The expression pattern of peroxisomal genes identified in Table 7 is shown in Figure 
10. Darkness stimulates the expression of short-chain ACO gene and medium-chain ACO 
ACX2. Short-chain ACO mRNA abundance increases after plants are moved from 
continuous light to the dark; by 12 h in the dark, the mRNA abundance is increased more 
than two times of that in WT plants. Extended time in the dark does not increase the mRNA 
accumulation of short-chain ACO. ACX2 responds to dark more quickly than short-chain 
ACO gene. By 2 h, the ACX2 mRNA level increases more than two times, and keeps 
increasing in the dark gradually, reaching almost 3 times that in the continuous light in MCC-
A antisense and WT plants by 72 h. The expression pattern of putative long-chain ACO is 
different from those of short-chain ACO and ACX2. Its mRNA level is about constant after 
plants were moved from continuous light to the dark for 24 h. After plants were in the dark 
for 72 h, the putative long-chain ACO mRNA level decreases. For all these three (putative) 
acyl-CoA oxidases, the mRNA accumulation is similar between WT and MCC-A antisense 
plants. 
Three putative HIHs were identified as present on Affymetrix chip (Table 7). HIH-1 
and HIH-2, predicted to be in peroxisomes, have a very low mRNA accumulation. HIH-l 
mRNA accumulates 65% higher in MCC-A antisense than that in WT plants grown under 
continuous light (Fig. 10). After the plants were moved into the dark, HIH-l mRNA in both 
WT and MCC-A antisense plants decreases to below the detection limit. Although the 
absolute gene expression intensities indicating that HIH-2 mRNA accumulation is stimulated 
by the dark and its accumulation level is higher in MCC-A antisense than that in WT plants 
(data not shown), the HIH-2 mRNA level was too low to be detected in all five time points in 
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both WT and MCC-A antisense plants (claimed as "absent" by absolute analysis of 
Affymetrix algorithm). HIH-3 protein is predicted to be cytoplasmic; its expression is 
inhibited in the dark. The establishment of the identity of all these genes needs further 
investigation. 
DISCUSSION 
MCCase is one of the most abundant biotin-containing enzymes in plants (Wurtele 
and Nikoulau, 1990). MCCase catalyzes the carboxylation of MC-CoA to form 3-
methylglutaconyl-CoA in mitochondrial Leu catabolism. It also involves in two other 
interconnected metabolic pathways, the mevalonate shunt and isoprenoid catabolism. In 
humans, MCCase deficiency increases the accumulation of 3-hydroxyisovaleric acid and 3-
methylcrotonylglycine, which may cause profound metabolic acidosis and even death in 
infancy (Banner and Elsas, 1989; Sweetman, 1989; Holzinger et al., 2001). Two Leu 
catabolic pathways, one MCCase-dependent in mitochondria, which is similar to the one in 
animal and human, and one MCCase-independent in peroxisome, have been proposed in 
plants (Anderson et al., 1998; Gerbling, 1993). Although it has been shown that the plant 
peroxisome contains all the enzymes needed to catabolize branched-chain amino acids, 
including Leu (Gerbling, 1993; Gerbling and Gerhardt, 1988, 1989), until now the only 
molecular evidence is the recent cloning and characterization of gene chyl (Zolman et al., 
2001), which encodes an enzyme HIH. HIH catalyzes the hydrolysis of 3-
hydroxyisobutyryl-CoA to form 3-hydroxyisobutyrate, however, this gene is implicated in 0-
oxidation. 
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In this study, we constructed antisense transgenic plants expressing the antisense 
RNA of the biotin-containing subunit of MCCase, MCC-A, thus to reduce MCCase activity. 
In some of the transgenic plants, MCC-A gene expression is so highly reduced that both 
MCC-A mRNA and protein are below detection level, and the MCCase activity is 
undetectable. However, no morphological changes have ever been observed after growing 
the antisense plants up to T,- generation. This result shows support of the existence of 
MCCase-independent Leu catabolic pathway in plants. Moreover, l4C-Leu feeding 
experiments show that compare to WT plants, MCC-A antisense plants accumulate more 
propionyl-CoA, a Leu catabolic metabolite of peroxisomal pathway. Dark treatment reduces 
the formation of propionyl-CoA in both WT and MCC-A antisense plants, consistent with the 
fact of up-regulation of MCCase in the dark, indicating more Leu is diverted to the 
mitochondrial Leu catabolic pathway. 
Both subunits of MCCase, MCC-A and MCC-B, are up-regulated in the dark, and the 
mRNA accumulation pattern of MCC-A and MCC-B in the dark are very similar, with MCC-
A having a greater change magnitude. However, the down-regulation of MCC-A by the 
antisense transgene does not affect the expression of MCC-B. This finding is consistent with 
our previous observation that in an MCC-B knock-out mutant Arabidopsis, the expression of 
MCC-A is not affected (Che P, Wurtele ES, and Nikoulau B, unpublished data). 
Mitochondrial Leu catabolic pathway has partially elucidated genetically. In 
Arabidopsis, BCKDH, isovaleryl-CoA dehydrogenase and MCCase have been cloned and 
characterized. Searching the Arabidopsis genome results in identification of putative 
mitochondrial BCAAT and HMG-CoA lyase targeted to the mitochondria. Interestingly, 
BCAAT-I, BCKDH Ela, MCC-A and MCC-B have a similar mRNA accumulation pattern 
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after plants are moved from continuous light into the dark, indicating they may contain 
similar light-regulatory motifs to sense the change of light. Only one HMG-CoA lyase was 
found in the Arabidopsis genome. It is predicted in mitochondria and is light-insensitive. 
The proposed peroxisomal Leu catabolic pathway contains two steps of oxidative 
decarboxylation, aKIC to isovaleryl-CoA and 2-ketoisovaleric acid to isobutyryl-CoA. We 
expected that these two steps would be catalyzed by BCKDH complex similar to the one in 
mitochondria. In vitro study has shown that plant peroxisome contains BCKDH activity 
(Gerbling, 1993). However, using known Arabidopsis and human BCKDH gene sequences 
to search the Arabidopsis genome could not identify any similar BCKDH genes in 
peroxisome. The similarity and possible sharing of reactions of this peroxisomal Leu 
catabolic pathway and peroxisomal P-oxidation add difficulty to the investigation of the 
significance of this Leu pathway, and its relationship with the mitochondrial Leu pathway. 
The establishment of details of this peroxisomal Leu catabolic pathway needs more 
investigation. 
MATERIALS AND METHODS 
Plants and Growth Conditions 
Arabidopsis thaliana (ecotype Columbia) seeds were germinated and plants were 
grown at 23°C in a growth chamber in sterilized soil (Sunshine Mix, Sun Gro Horticulture, 
Bellevue, WA), and fed once a week with Nutriculture soluble fertilizer special blend 21-8-
18 (Plant Marvel Laboratory, Chicago Heights, IL). Plants were grown under continuous 
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light for harvesting seeds, or under controlled conditions as described below for biochemical 
analyses. 
Recombinant DNA Techniques 
Manipulation of DNA was based on standard procedures (Sambrook et al., 1989). 
The protocols suggested by the company were followed when using restriction 
endonucleases and DNA ligase (GibcoBRL, Grand Island, NY). The binary vector pBI 121 is 
a product of Clontech (Palo Alto, CA). The ^-glucuronidase (GUS) gene was cut out of 
pBI121 using BamH I/Sst I and replaced with an oligonucleotide containing multiple cloning 
sites (MCS) of BamH I, Kpn I, Xho I, Spe I and Sst I. A full length MCC-A cDNA was 
retrieved from plasmid pLW538 (Weaver et al., 1995) digesting with Kpn I/Spe I and 
inserted into the engineered pBI121 at MCS such that the antisense MCC-A cDNA was under 
the control of the constitutively expressed CaMV 35S promoter. 
Plant Transformation 
Transformation and screening of transgenic Arabidopsis were based on the 
procedures described by Bechtold and Pettetier (1998). Seeds harvested from individual 
transformed Arabidopsis were sown and screened for kanamycin resistance on MS media 
(IX MS salts, 1% sucrose, 1 X Gamborg's vitamin, 0.5 g/L Mes, pH 5.7 and 0.8% purified 
agar [Becton Dickinson, Cockeysville, MD]) containing 50 gg/ml of kanamycin in Petri 
plates. After about 12 d on the MS-plates, kanamycin-resistant seedlings were transferred 
into soil. 
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Immunoblot Analysis 
Total protein was extracted from leaves and fractionated on a 10% SDS-PAGE gel 
(Laemmli, 1970). Proteins were electrophoretically transferred to a nitrocellulose filter and 
MCC-A protein was detected using l2:,I-streptavidin (Nikolau et al.. 1984). Blots were 
exposed to a phosphor image screen and then scanned using a Storm 840 scanner (Molecular 
Dynamics, Sunnyvale, CA). The hybridization signals were then quantitated by ImageQuant 
software (Molecular Dynamics). 
RNA Extraction and Northern Blot Analysis 
Total RNA used for Northern blot and Affymetrix microarray analysis was isolated 
from total plant leaves at 13 DAP grown on MS media using a method introduced by 
Chomczynski and Sacchi (1987). Plants were grown under continuous light; then covered 
with aluminum foil appropriate time before harvesting at 2 o'clock in the afternoon. For 
Northern blot analysis, 10 ng of total RNA was first incubated in a buffer of formamide 50% 
(v/v), formaldehyde (37% [w/w] solution, Fisher) 17.5% (v/v) and EtBr 0.05 jig mL"1 in 1 x 
MOPS running buffer (MOPS 20 mM, NaOAc 5 mM, EDTA 1 mM, pH 7) at 65°C for 5 min 
and separated in a 1.2% agarose gel in 1 x MOPS running buffer with 5.4% of formaldehyde. 
The RNAs were then transferred onto nylon membranes using a standard protocol and 
hybridized with 32P-labeled DNA probes (Sambrook et al., 1989). The blots were washed 
three times, each time 15 min with 2 x SSC and 0.1% SDS. 0.5 x SSC and 0.1% SDS. and 
0.1 x SSC and 0.1% SDS, respectively. 
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MCCase Enzyme Activity Measurement 
MCCase activity was assayed by determining the MC-CoA-dependent incorporation 
of radioactivity from NaHl4COa into acid-stable products as previously described (Wurtele 
and Nikolau, 1990; Anderson et al., 1998; Wurtele and Nikolau, 2000). Protein extracts were 
prepared from total plant leaves at 30 DAP grown under a 16 h light/8 h dark photoperiod at 
23°C in a growth chamber. 
Liquid Culture and l4C-Leu Feeding 
Seedlings were cultured in a liquid medium for l4C-Leu feeding experiment. The 
seeds were surface sterilized by vortexing in 50% (v/v) regular bleach (5.25% sodium 
hypochlorite), 0.02% Triton X-100 and incubated for 7 min. After incubation, the seeds were 
rinsed three times with sterile distilled water, and cultured in MS liquid culture medium (1/2 
X MS salts, 2% sucrose, 1 X Gamborg's vitamin [Sigma, St. Louis, MO], and 0.5 g/L Mes, 
pH 5.7 in a flask on a shaker under continuous light. After 10 d, half of the cultures were 
covered with aluminum foil and all the cultures were grown for an additional 2 d. 
Plant leaves were harvested and sliced into small pieces (about 5 mm2) in a phosphate 
buffer (20 mM, pH 6.5) using a razor blade and distributed into wells of a tissue culture plate 
containing 0.8 ml (4 pCi) of l4C-Leu (Amersham) in phosphate buffer, each sample weighted 
about 0.17 g after brief drying on tissue paper. After incubating for appropriate times (30 
min and 4 h) under light (light treatment) or dark (dark treatment), plant tissues were rinsed 
briefly with water, quickly dried on a paper tower and then ground in 500 fil of 40 mM 
Tris.HCl, pH 7.0 containing 5% TCA. After a brief spin, the supemant was filtered through 
a 0.22 ;im micro filter and subjected to HPLC profiling. 
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l4C-Leu feeding of plant roots was carried out in a similar way as of leaves, except 
that more tissue (about 0.20 g) and more ,4C-Leu (20 fiCi) were used for each sample, and 
the roots were incubated with l4C-Leu for longer time (8 hr and 24 hr). 
HPLC Analysis 
Separation and identification of radioactively labeled metabolites (acyl-CoAs) was 
performed using an octadecylsilance column (Supelcosil LC-18, 25-cm x 4.6-mm i.d., 5-|im 
particle size) with 20 pi of injection volume and a flow rate of 1 ml/min. The solvent 
program was solvent A (2% acetonitrile in 0.2 M ammonium acetate with 10 mM acetic acid, 
about pH 6.0) for 5 min, linear gradient of solvent A to solvent B (20% acetonitrile in 0.2 M 
ammonium acetate with 10 mM acetic acid, about pH 6.0) for 35 min, solvent B for 10 min. 
and solvent A for 5 min. Radioactively labeled acyl-CoAs were detected using a 
radioisotope detector (model 171, Beckman) with a scintillation-cocktail (ScintiSate Plus 
50%, Fisher, Pittsburgh, PA) flow rate of 2 ml/min. Non-radioactive acyl-CoA standards 
were detected as absorbance at 254 nm by a UV detector (model 166, Beckman). 
Acyl-CoA Standards and Their Base Hydrolysis 
Malonyl-CoA, acetyl-CoA, propionyl-CoA, isobutyryl-CoA, MC-CoA and free CoA 
standards were from Sigma-Aldrich. They were freshly prepared in 10 mM Mes and their 
concentrations were adjusted based on their peak area of A254 by HPLC. Acyl-CoA 
standards were either added into the feeding extracts as a spike control or added 100% TCA 
to a 5% final concentration before they were injected into HPLC. 
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Acyl-CoAs in the uC-Leu feeding extracts were hydrolyzed using a method modified 
from Corkey et al. (1981). In 100 pi of feeding extract (in 5% TCA), 23 pi of concentrated 
NH3 H2O was added to adjust to pH 12.5 and then incubated at 60°C for 30 min. After 
incubation, the extract was cooled and 18 pi of 100% TCA was added to adjust the pH to 0-1 
before subjected to HPLC. 
Oligonucleotide Microarray Analysis 
For oligonucleotide microarray analysis, WT and MCC-A antisense plants were 
grown in Bessey tissue culture room on MS media in Petri dishes under continuous light or 
continuous light followed by appropriate time of darkness (2, 12, 24 and 72 h) by wrapping 
the Petri dishes with aluminum foil. Each treatment used one Petri dish (10 cm) and on each 
Petri dish about 100 seeds were distributed evenly after surface sterilization as described 
above. Leaves were harvested from all the seedlings in each Petri dish at 13 DAP and total 
RNAs were isolated using the method described above. RNAs were labeled with fluorescent 
dye and hybridized with Affymetrix Arabidopsis oligonucleotide gene chips at the 
Microarray Facility at University of Iowa (Iowa City, Iowa). 
The analysis of microarray data started with running the absolute analysis of the 10 
gene chips to get the relative gene expression intensity of each gene from the scanned array 
images, i.e., the average difference (AvgDiff) between the perfect match and mismatch of 
each probe set, and their absolute call (indicates if a gene expression is detected), using 
Microarray Suite 4.0 software (Affymetrix, Santa Clara, CA). The data were normalized by 
scaling the average intensity of all the probe sets to a target intensity value of 1500. For 
global differential gene expression between WT and MCC-A antisense plants, we also ran the 
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comparison algorithm of Microarray Suite to compare the gene expression between WT and 
MCC-A antisense plants at each of the 5 time points of the darkness treatment using the 
default parameter setting. The comparison algorithm generates an expression change fold 
and a difference call (indicates the status of the gene expression change, i.e., increase, 
decrease or no change) for each gene of each comparison. We set the background signal 
intensity value as the 5% quantité of the intensities of genes identified as "Present" by the 
absolute analysis using Microarray Suite. Any intensity below this value, which is 138.5, 
was reset to 138.5. Genes with an intensity below 138.5 were treated as not detectable (or 
absent) even if the absolute analysis yields a "Present" status for this gene. Accordingly, we 
re-calculated the expression change fold based on the average difference, and used the 
smaller of the new fold change and the fold change from the comparison analysis as the gene 
expression fold change. To analyze the expression pattern of genes putatively involved in 
Leu catabolism and of light-regulated genes, gene expression change fold is just the AvgDiff 
of MCC-A antisense plants divided by AvgDiff of WT plants. 
Annotation of Affymetrix probes was mainly based on the annotation by TIGR. 
combined with sequence alignment of the known gene sequences with the probe sequences 
provided by Affymetrix Inc., and literature references. 
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Table 1. Metabolic products of l4C-Leu in leaves from WT and MCC-A antisense plants 
WT and MCC-A antisense plants were cultured in liquid MS media under continuous 
light for 12 d (Light) or under continuous light for 10 d followed by in the dark for 2 d 
(Dark). Plant leaves were then harvested and incubated with l4C-Leu for 0.5 h or 4 h under 
the light (Light) or in the dark (Dark). Results for WT are from one plant, results for MCC-A 
antisense are from two independent lines, reported as mean percentage of total recovered 
radioactivity ± SE. 
Metabolite Light Dark 
(% of 
MCC-A 
Antisense 
Recovered l4C) 0.5 h 4 h 0.5 h 4 h 
aKIC 
WT 51.3 55.5 46.5 53.6 
56.2+3.6 53.6+2.7 51.7±0.9 47.5±0.5 
Propionyl-CoA (PP-CoA) 
WT NDa 0.68 ND ND 
MCC-A ND i.i ±o.i ND 0.95±0.23 Antisense 
a ND, Not detected. 
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Table 2. Metabolic products of l4C-Leu in roots from WT and MCC-A antisense plants 
WT and MCC-A antisense plants were cultured in liquid MS media under continuous 
light for 12 d (Light) or under continuous light for 10 d followed by in the dark for 2 d 
(Dark). Plant roots were then harvested and incubated with l4C-Leu for 8 h or 24 h under the 
light (Light) or in the dark (Dark). Results are from two independent experiments reported as 
mean percentage of total recovered radioactivity ± SE. 
Metabolite Light Dark 
(% of 
Recovered l4C) 8 h 24 h 8 h 24 h 
aKIC 
WT 43.0±4.5 37.9±1.7 39.2±6.1 33.9+5.9 
MCC-A 
Antisense 35.9±3.2 33.1±3.1 44.3±6.7 32.O±4.2 
Propionyl-CoA (PP-CoA) 
WT 0.61 ±0.15 0.85±0.03 0.39±0.13 0.67±0.11 
MCC-A 16±04 2.1 ±0.4 0.88±0.09 1.44±0.07 Antisense 
Acetoacetyl-CoA (AA-CoA) 
WT NDa ND ND ND 
MCC-A 
Antisense 0.60±0.19 1.1±0.1 0.51±0.06 0.94±0.07 
MC-CoA 
WT ND ND ND ND 
MCC-A 
Antisense ND 0.26±0.02 ND 0.21 ±0.02 
ND, Not detected. 
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Table 3. List of genes whose expression is decreased in dark - cluster 1. 
WT and MCC-A antisense plants were grown on MS media in Petri dishes under 
continuous light and then moved into complete darkness. All plants were harvested at 13 
DAP. Total RNAs were labeled with fluorescent dye and hybridized with Affymetrix 
Arabidopsis gene chips. Genes with an expression change fold more than five over the five 
time points in both WT and MCC-A antisense plants are extracted. Listed in this table are 
genes with maximum expression at time 0. This cluster contains 122 genes, only genes with 
known or putative functions are listed. 
mRNA Change (max/min) 
No. AftylD GenBankID MCC-A WT Putative Function 
Photosynthesis 
1 16428_at X65541 86.46 42.92 A.thaliana mRNA for carbonic anhydrase. 
2 15153_at AF134125 17.05 29.23 Arabidopsis thaliana Lhcb2 protein (Lhcb2:4) mRNA, complete cds. 
3 17054_s_at AF134128 12.82 26.54 Arabidopsis thaliana Lhcb4:3 protein (Lhcb4.3) mRNA. complete cds. 
4 15117_at AF134131 14.01 22.80 Arabidopsis thaliana PsbS protein (PsbS) mRNA, complete cds. 
5 13903_at X58148 14.84 16.62 Athaliana fbp mRNA for fructose-1,6-bisphosphate. 
6 13678_at U03395 13.77 15.62 Arabidopsis thaliana PSI type II chlorophyll a/b-binding protein (Lhca2 
7 16485_s_at AL049862 9.50 13.07 putative protein 1 photosystem II 
a 18052_s_at AJ145957 32.15 12.75 Arabidopsis thaliana mRNA for precursor of the 33 kDa subunit of the 
9 16547_s_at AF053941 7.03 11.54 Arabidopsis thaliana non phototropic hypocotyl 1 -like (NPL1) mRNA. c 
10 15990_at 574719 7.93 10.91 sedoheptuiose-1.7-bisphosphatase [Arabidopsis thaliana. C24, Genor 
11 16650_s_at L25812 7.83 10.11 Arabidopsis thaliana phytoene synthase mRNA, complete cds. 
12 18081_at AJ245632 6.10 9.81 Arabidopsis thaliana mRNA for photosystem I subunit VI precursor (p: 
13 18051_r_at AJ145957 6.59 8.50 Arabidopsis thaliana mRNA for precursor of the 33 kDa subunit of the 
14 15170_s_at AF134126 5.11 8.42 Arabidopsis thaliana chromosome V Lhcb3 protein (Lhcb3) mRNA. cc 
15 18087_s_at AJ245907 6.59 8.30 Arabidopsis thaliana mRNA for photosystem I subunit II precursor (ps 
16 18088_i_at AJ245908 6.62 8.15 Arabidopsis thaliana mRNA for photosystem I subunit IV precursor (p: 
17 18089_r_at AJ245908 6.01 8.01 Arabidopsis thaliana mRNA for photosystem l subunit IV precursor (p: 
18 18170_at X59459 5.72 6.11 A.thaliana AtCc-1 gene for cytochrome c. 
Regulation and Signal transduction 
19 18929_s_at M20308 7.51 18.47 A.thaliana chalcone synthase (CHS) gene, complete cds. 
20 16569_s_at L23968 5.24 14.97 Arabidopsis thaliana lipoxygenase (Lox2) mRNA, complete cds. 
21 12610_at AF049236 6.04 14.80 Arabidopsis thaliana putative transmembrane protein G1p (AtG 1 ). put 
22 14808_i_at AC007230 14.94 10.97 Contains PF|00069 Eukaryotic protein kinase domain. 
23 15676_at AF138743 8.43 9.87 Arabidopsis thaliana zinc finger protein 1 (zfnl ) mRNA, complete cds. 
24 16034_at X58149 7.58 8.98 A.thaliana PRKase gene for Ribulose-5-phosphate kinase. 
25 12299_at AL022347 6.21 8.75 serine/threonine kinase-like protein 
26 15183_s at AB004821 8.88 8.30 Arabidopsis thaliana SIG2 mRNA for plastid RNA polymerase sigma-; 
27 13023_at AF069299 11.31 7.82 contains similarity to transcriptional activators such as Ra-like and my 
28 20525_at AC007169 7.11 6.89 putative CONSTANS-like B-box zinc finger protein 
29 14961_at AL080254 5.39 6.21 cell-cell signaling protein csgA-like 
30 16210_at AF118223 6.31 5.46 contains similarity several bacterial glutathione-regulated potassium e 
Stress 
31 16439_at X72022 27.74 29.04 A.thaliana CXc750 gene. 
32 14111_s_at AL035528 13.37 22.41 putative disease resistance protein 
33 12916_at AF021244 5.29 11.08 Arabidopsis thaliana coronatine-induced protein 1 (CORI1) mRNA. cc 
34 17517_at L41245 6.65 8.08 Arabidopsis thaliana thionin (Thi2.2) mRNA, complete cds. 
35 12748 f at AL096882 5.30 6.49 drought-inducible cysteine proteinase RD21A 
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Tabic 3. (continued) 
mRNA Change (max/min) 
No. AffylD GenBankID MCC-A WT Putative Function 
Others 
36 20450 at AJ005930 29.70 66.49 Arabidopsis thaliana Sqp1;1 mRNA for squalene epoxidase (homolog 
37 15125 f at D85190 14.29 45.24 Arabidopsis thaliana mRNA for vegetative storage protein, complete c 
38 17273_at AC004697 9.32 28.08 putative myrosinase-binding protein 
39 17572_s_at AF083036 16.65 27.08 Arabidopsis thaliana ammonium transporter mRNA, complete cds. 
40 20468_at AF069299 12.44 23.94 contains similarity to Medicago saliva corC (GB:L22305); coded for by 
41 13949_at Z97343 8.45 20.57 thioesterase like protein 
42 17865_at Z49777 13.75 19.89 A.thaliana mRNA for isoflavonoid reductase homologue. 
43 18313_at AC002560 9.21 19.19 similar to NAC2-like protein emb|CAB62457.1 
44 17394_s_at M64115 10.38 17.95 Arabidopsis thaliana glyceraldehyde-3-phosphate dehydrogenase 8 s> 
45 12785_at AL031804 12.34 17.92 P-Protein - like protein 
46 14540_at AC005990 11.22 17.01 Strong similarity to gb|U20808 auxin-induced protein from Vigna radia 
47 12800_at AL035538 9.80 14.92 glycine hydroxymethyltransferase like protein 
48 20640 s at 545911 8.78 14.75 gapB 
49 12745_af AC006841 8.06 14.10 putative fructose bisphosphate aldolase 
50 18683_s_at L27158 10.98 13.75 Arabidopsis thaliana omega-3 fatty acid desaturase (fad8) mRNA. cor 
51 15761_at AL021687 12.17 12.85 neoxanthin cleavage enzyme-like protein 
52 14832_at AL035394 6.28 12.27 tyrosine transaminase like protein 
53 14393_at AF118223 12.80 11.89 contains similarity to Helicobacter pylori peptide methionine sulfoxide i 
54 17936_s_at Z97342 10.42 11.78 putative beta-amylase 
55 18003_at AF188334 13.58 11.26 Arabidopsis thaliana Toll/interleukin-1 receptor-like protein (TIR) mRN 
56 15624 s at U70616 9.65 11.00 Arabidopsis thaliana ADP glucose pyrophosphorylase small subunit rr 
57 12741_at AL035679 6.78 10.86 putative fructose-bisphosphate aldolase 
58 16135_at AF144385 8.66 10.85 Arabidopsis thaliana thioredoxin f1 mRNA. complete cds. 
59 18670 o at AJ250341 12.18 10.83 Arabidopsis thaliana mRNA for beta-amylase enzyme (ct-bmy gene). 
60 20060_at AC005489 7.28 10.47 similar to glutathione S-transferase TSI-1 (gil2190992); similar to ES" 
61 14704_s_at AC007134 10.98 10.02 putative retroelement pol polyprotein 
62 16509_at AJ131206 6.58 9.91 Arabidopsis thaliana mRNA for microbody NAD-dependent malate del 
63 12457_at AJ131464 7.72 9.74 Arabidopsis thaliana mRNA for nitrate transporter, partial. 
64 13335_at AC005496 8.46 8.77 putative Na+-dependent inorganic phosphate cotransporter 
65 12312_at AL035356 6.46 8.72 putative pectate lyase 
66 18977_at AC005489 6.31 8.60 similar to auxin-induced protein (pir|IS16636); similar to ESTs gb|L336 
67 20290 s at AC006259 9.59 8.35 putative P450 
68 18917_i_at AL078579 6.97 8.34 putative beta-glucosidase 
69 12313 g at AL035356 7.87 8.25 putative pectate lyase 
70 18913_s_at AC007357 6.35 7.81 Identical to gb|D78605 cytochrome P450 monooxygenase from Arabic 
71 19215_at AC004005 8.55 7.66 putative methyl chloride transferase 
72 19127_at AC006836 7.30 7.24 putative steroid sulfotransferase 
73 15212_s_at M82921 5.22 7.22 Arabidopsis thaliana L. H-protein mRNA, complete cds. 
74 16573_s_at 026019 5.75 7.13 Arabidopsis thaliana mRNA for fatty acid desaturase in plastids, comp 
75 16136_at AF144386 5.66 7.06 Arabidopsis thaliana thioredoxin f2 mRNA, complete cds. 
76 20524_at AC005698 13.71 6.43 similar to flavin-containing monooxygenase (sp|P36366); similar to E! 
77 13812_at AC005275 5.04 6.36 putative GH3-like protein 
78 16126_s_at AF062590 5.09 6.21 Arabidopsis thaliana peroxisomal-3-keto-acyl-CoA thiolase 1 (PKT1) r 
79 19663_at AC004561 8.47 5.74 putative tropinone reductase 
80 14733_s_at 032138 5.49 5.70 Arabidopsis thaliana mRNA for delta 1 -pyrroline-5-carboxylate synthas 
81 13482_at AC005896 6.62 5.69 nodulin-like protein 
82 18669_at AJ250341 8.15 5.42 Arabidopsis thaliana mRNA for beta-amylase enzyme (ct-bmy gene) 
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Table 4. List of genes whose expression is increased by dark - clusters 2-5. 
WT and MCC-A antisense plants were grown on MS media in Petri dishes under 
continuous light and then moved into complete darkness. All plants were harvested at 13 
DAP. Total RNAs were labeled with fluorescent dye and hybridized with Affymetrix 
Arabidopsis gene chips. Genes with an expression change fold more than five over the five 
time points in both WT and MCC-A antisense plants are extracted. Listed in this table are 
genes with maximum expression at time 2, 12,24 and 72 for cluster 2, 3,4, and 5, 
respectively. These clusters contain 9,15, 18 and 38 genes, respectively, only genes with 
known or putative functions are listed. 
mRNA Change (max/min) 
No. AffVID GenBankID MCC-A WT Putative Function 
Cluster 2 
1 15141_s_at 085191 6.40 15.34 Arabidopsis thaliana mRNA for vegetative storage protein, complete c 
2 19720_at AC003979 6.48 7.79 Contains similarity to gibberellin-regulated protein 2 precursor (GAST 
3 18228_at X91259 7.55 7.59 A.thaliana mRNA for lectin-like protein. 
4 18908_i_at AF055848 8.01 6.67 Arabidopsis thaliana subtilisin-like protease (AIR3) mRNA, partial cds 
5 17413_s_at AJ006961 8.68 6.41 Arabidopsis thaliana p15a gene, partial. 
6 17957_at AC003040 8.30 6.30 putative acetone-cyanohydrin lyase 
7 13435_at AF003102 5.08 5.83 Arabidopsis thaliana AP2 domain containing protein RAP2.9 mRNA, p 
8 19614_at AC003970 5.09 5.81 Highly similar to cinnamyl alcohol dehydrogenase. gi|1143445 
9 17047_at AF078825 6.89 5.32 Arabidopsis thaliana RING-H2 finger protein RHA3b mRNA. complete 
Cluster 3 
1 14052_at AC004122 21.01 47.52 Highly Similar to branched-chain amino acid aminotransferase: Locati 
2 19840_s_at AC007060 24.65 46.45 Strong similarity to F19I3.2 gi|3033375 putative berberine bridge enzy 
3 18928_at AC002333 8.18 23 73 putative endochitinase 
4 15519_s_at AC006550 5.41 18.21 Identical to gb|U 12536 3-methylcrotonyl-CoA carboxylase precursor p 
5 19684_at AL022023 7.49 13.16 actin depolymerizing factor-like protein 
6 15154_at L29083 5.70 13.08 Arabidopsis thaliana (clone At-ASN1) glutamine-dependent asparagin 
7 17832_at U94998 5.19 11.66 Arabidopsis thaliana class 1 non-symbiotic hemoglobin (AHB1) gene, 
8 19866_at AJ006404 10.80 11.61 Arabidopsis thaliana mRNA for LATE ELONGATED HYPOCOTYL Mx 
9 18953_at AF077955 7.09 10.55 Arabidopsis thaliana branched-chain alpha keto-acid dehydrogenase I 
10 15669_s_at AF047834 6.85 10.17 Arabidopsis thaliana 4-hydroxyphenylpyruvate dioxygenase mRNA, cc 
11 12345_at L36246 22.58 6.56 Arabidopsis thaliana anoxia-induced protein (psaA1) mRNA, partial cc 
Cluster 4 
1 15421_at AF069300 40.96 36.65 contains similarity to Nicotiana tabacum hint (GB Y07563) 
2 19177_at X99923 11.55 29.43 A.thaliana mRNA for male sterility 2-like protein. 
3 15613_s_at M90394 11.31 12.78 Arabidopsis thaliana heomeobox protein (HAT4) mRNA, complete cd: 
4 15656_at U80668 6.31 8.56 Arabidopsis thaliana homogentisate 1,2-dioxygenase mRNA, complet 
5 20308_s at AL031394 5.34 8.50 pathogenesis-related protein 1 precursor, 19.3K 
6 14623_g_at X17341 6.52 7.88 Arabidopsis thaliana phyA mRNA for phytochrome. 
7 12251_at AC004238 6.42 7.41 putative disease resistance protein 
8 17581 g_at AF105064 7.65 6.30 Arabidopsis thaliana GIGANTEA (Gl) mRNA, complete cds. 
9 13277_i_at Y14070 5.46 5.63 Arabidopsis thaliana mRNA for heat shock protein 17.6A. 
10 19618_at AF047975 12.69 5.50 Arabidopsis thaliana putative ethylene receptor (ETR2) gene, complet 
11 17868 at AC007197 5.63 5.09 putative methylmalonate semi-aldehyde dehydrogenase 
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Table 4. (continued) 
mRNA Change (max/min) 
No. AffylD GenBanklD MCC-A WT Putative Function 
Cluster 5 
1 15178_s_at U43489 26.03 253.86 Arabidopsis thaliana xyloglucan endotransglycosylase-related protein 
2 14420_at AC006223 72.40 60.11 putative cysteine proteinase inhibitor B (cystatin B) 
3 19019 i at X82623 60.46 50.32 A.thaliana mRNA for SRG2AI (186bp). 
4 15116 f at AF121356 14.23 43.16 Arabidopsis thaliana peroxiredoxin TPx2 mRNA. complete cds. 
5 12574_at X82624 113.92 35.75 AAhaliana mRNA for SRG2At (147bp). 
6 18888 at AC007591 13.85 32.54 Is a member of the PF|00903 gykwalase family. ESTs gb|T4472l. gb| 
7 18946_at Y11788 12.89 21.90 A.thaliana mRNA for peroxidase ATP24a. partial. 
8 17533_s_at U43488 18.08 18.86 Arabidopsis thaliana xyloglucan endotransglycosylase-related protein 
9 17595_s_at AF166352 10.63 18.23 Arabidopsis thaliana alanine.glyoxylate aminotransferase 2 homolog (. 
10 16432_g]at AC005499 18.02 17.07 putative nonspecific lipid-transfer protein 
11 12989_at AC004077 15.64 12.01 putative cytochrome P450 
12 16431_at AC005499 7.65 9.06 putative nonspecific lipid-transfer protein 
13 13217_s_at L12115 7.20 8.32 Arabidopsis thailiana calmodulin-like gene, complete cds. 
14 18968_at AF163823 8.16 8.20 Arabidopsis thaliana endoxyloglucan transferase (XTR3) gene, com pi 
15 19863_at AC005396 6.08 7.35 G AST 1 /GASA-like protein 
16 17362_at Z97338 13.02 7.26 glucosyltransferase 
17 15468_at AC002311 8.95 6.57 similar to ripening-induced protein, gp|AJ001449|2465015 and major I 
18 15695_s at U73781 9.11 6.48 Arabidopsis thaliana histone H1-3 (His 1-3) mRNA, complete cds. 
19 17422_at AL035528 6.60 6.17 isoflavone reductase-like protein 
20 15996_at AC001645 9.62 6.01 jasmonate inducible protein isolog 
21 16989_at AL030978 6.15 5.96 GH3 like protein 
22 13803_at Z97341 7.06 5.92 cyanohydrin lyase like protein 
23 17930_s_at AJ006960 5.34 5.78 Arabidopsis thaliana p9a gene, partial. 
24 18194_i_at AL096859 5.76 5.65 glucuronosyl transferase-like protein 
25 12267_at AC003970 5.96 5.57 Similar to Glucose-6-phosphate dehydrogenases, gi|2276344. gi|2829 
26 16648_at D30807 6.58 5.45 Arabidopsis thaliana mRNA (homeotic gene PISTILLATA) for PI prote 
27 13100_at AC003680 6.79 5.30 putative cytochrome P450 
28 20356_at AC004561 5.21 5.20 putative glutathione S-transferase 
29 13789 at AJ132436 5.21 5.13 Arabidopsis thaliana mRNA for GA 2-oxidase, gene ga2ox2. 
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Table 5. List of genes whose mRNA accumulation changed once over the five time points 
between WT and MCC-A antisense plants 
WT and MCC-A antisense plants were grown on MS media in Petri dishes under 
continuous light and then moved into complete darkness. All plants were harvested at 13 
DAP. Total RNAs were labeled with fluorescent dye and hybridized with Affymetrix 
Arabidopsis gene chips. Genes with an expression change fold more than two between WT 
and MCC-A antisense plants are extracted. Listed in this table are genes with expression 
changed once over the five time points. 
No. Probe #GenBank Time (Change Fold) Putative Function 
Expression decreased. 
1 12953_at AF007269 0 (-7.81 ) Arabidopsis thaliana BAC IG002N01. 
2 12096 at AC006234 0 (-6.35 ) unknown protein 
3 12649 at AC003981 0 (-5.93 ) Complete sequence of Arabidopsis F22013, complete sequence. 
4 13480 at AC005223 0 (-5.60 ) Unknown protein; Location of ES E2G10T7, gb|AA040965 
5 13021_at AC005700 0 (-5.39 ) putative cytochrome P450 
6 14657 s at AJ002585 0 (-4.64 ) Arabidopsis thaliana Thionin gene. 
7 20227 s at AB027252 0 (-4.40 ) Arabidopsis thaliana gene for f-AtMBP. complete cds. 
8 13907 at AC005170 0 (-4.14 ) putative small nuclear ribonucleoprotein G 
9 19150_at AC006577 0 (-3.72 ) Belongs to the PF|00657 Lipase/Acylhydrolase with GDSL-motif famih 
10 19640 at AC004561 0 (-3.50 ) putative glutathione S-transferase 
11 12944 at AC005698 0 (-3.35 ) similar to flavin-binding monooxygenase-like protein (Z71258): similai 
12 13212 s at M90509 0 (-3.35 ) Arabidopsis thaliana beta-1,3-glucanase mRNA, complete cds. 
13 14609_at AC002340 0 (-3.15 ) putative cytochrome P450 
14 12616_i_at AC005314 0 (-3.14 ) Arabidopsis thaliana chromosome II BAC T32F12 genomic sequence 
15 18289 at AC006954 0 (-2.90 ) unknown protein 
16 17840_at AC002335 0 (-2.84 ) Arabidopsis thaliana complete chromosome II. complete sequence. 
17 12097~g_at AC006234 0 (-2.83 ) unknown protein 
18 17511_s_at AF067605 0 (-2.80 ) Arabidopsis thaliana linalool synthase-like protein mRNA, complete cc 
19 17917_s_at AC004261 0 (-2.80 ) calcium-binding protein (CaBP-22) 
20 13949_at Z97343 0 (-2.80 ) thioesterase like protein 
21 15629_s_at AB003280 0 (-2.60 ) Arabidopsis thaliana mRNA for Phosphoglycerate dehydrogenase, coi 
22 20096_at AC004238 0 (-2.60 ) putative berberine bridge enzyme 
23 13514_s_at AL021713 0 (-2.54 ) putative protein 
24 18930_at~ AC005990 0 (-2.51 ) Similar to gb|L19255 carbonic anhydrase from Nicotiana tabacum anc 
25 13244 s_at X67815 0 (-2.50 ) A.thaliana mRNA for Eli3-2. 
26 20252 at AC004401 0 (-2.50 ) putative serine carboxypeptidase 1 
27 17273 at AC004697 0 (-2.50 ) putative myrosinase-binding protein 
28 15125 f_at 085190 0 (-2.49 ) Arabidopsis thaliana mRNA for vegetative storage protein, complete c 
29 15052_at AC002332 0 (-2.46 ) putative Ca2+-binding EF-hand protein 
30 15611_s_at L22567 0 ( -2.40 ) Arabidopsis thaliana cor78 protein mRNA, complete cds. 
31 14636_s_at M90510 0 (-2.40 ) Arabidopsis thaliana thaumatin-like mRNA, complete cds. 
32 19944_at AC002130 0 (-2.40 ) similar to CREB-binding protein gb|AAC51331.2 
33 18929_s_at M20308 0 (-2.39 ) A.thaliana chalcone synthase (CHS) gene, complete cds. 
34 18224_s_at AL021890 0 (-2.39 ) putative protein 
35 15l4l_s_at 085191 0 (-2.36 ) Arabidopsis thaliana mRNA for vegetative storage protein, complete c 
36 20315_i_at AC002343 0 (-2.30 ) cellulose synthase isolog 
37 18701_s_at X55053 0 (-2.25 ) A.thaliana cor6.6 mRNA. 
38 18907_s_at AF064064 0 (-2.20 ) Arabidopsis thaliana cultivar Columbia flavanone 3-hydroxylase (F3H) 
39 18908_i_at AF055848 0 (-2.20 ) Arabidopsis thaliana subtilisin-like protease (AIR3) mRNA. partial cds 
40 19695_at AL035656 0 (-2.20 ) auxin-induced protein-like 
41 20450_at AJ005930 0 (-2.20 ) Arabidopsis thaliana Sqp1;1 mRNA for squalene epoxidase (homolog 
42 16629_at AF087932 0 (-2.17 ) Arabidopsis thaliana hydroperoxide lyase (HPL1) mRNA, complete cd 
43 14984_s_at AL035602 0 (-216 ) UDP rhamnose-anthocyanidin-3-glucoside 
44 16173_s_at 078607 0 (-2.10 ) Arabidopsis thaliana mRNA for cytochrome P450 monooxygenase, cc 
45 18700 r at X55053 0 (-2-10 ) A.thaliana cor6.6 mRNA. 
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Table 5. (continued) 
No. Probe #GenBank Time (Change Fold) Putative Function 
46 12761_s_at AC006577 0 (-2.10 ) Identical to mRNA gb|X71915 from A.thaliana and contains the Kelch 
47 17008_af AC006585 0 (-2.10 ) putative tyrosine aminotransferase 
48 17054_s at AF134128 0 (-2.09 ) Arabidopsis thaliana Lhcb4:3 protein (Lhcb4.3) mRNA. complete cds. 
49 12319_at AC002330 0 (-2.05 ) putative serine/threonine protein kinase 
50 20495_s_at AL021890 0 (-2.05 ) putative protein 
51 14117_at AL035601 0 (-2.00 ) cytochrome P45O monooxygenase-like protein 
52 13785_at AC007087 0 (-2.00 ) cold-regulated protein cor15b precursor 
53 17548_S_at AF118823 2 (-3.90 ) Arabidopsis thaliana senescence-associated protein (SAG26) mRNA. 
54 12950_g_at AC002336 2 (-2.03 ) putative bZIP transcription factor 
55 14541_at AC005990 2 (-2.00 ) Similar to gi|2245014 glucosyltransferase homolog from Arabidopsis t 
56 20308_S_at AL031394 12 (-4.60 ) pathogenesis-related protein 1 precursor, 19.3K 
57 12933_r_at X96600 12 (-4.46 ) A.thaliana PR1 genes in tandem repeat. 
58 14640_at AC004697 12 (-4.16 ) putative Mlo protein 
59 19926_at AC004521 12 (-3.58 ) unknown protein 
60 17413_s_at AJ006961 12 (-3.50 ) Arabidopsis thaliana pi5a gene, partial. 
61 18928_at" AC002333 12 (-3.40 ) putative endochiUnase 
62 20218_at AF118223 12 (-3.18 ) contains similarity to eukaryotic protein kinase domains (Pfam: PF000 
63 15049_at AF075597 12 (-3.09 ) contains similarity to Nicotiana alata pistil extensin-like protein (GB:U-
64 16769_at Z83312 12 (-2.69 ) A.thaliana mRNA for 3'(2').5'-bisphosphate nucleotidase. 
65 20429_at Z97336 12 (-2.66 ) hypothetical protei 
66 12307_at AC002392 12 (-2.37 ) putative receptor-like protein kinase 
67 17485_s_at Z97340 12 (-2.20 ) beta-1. 3-glucanase class 1 precursor 
68 13680_at~ L04637 12 (-2.18 ) Arabidopsis thaliana lipoxygenase mRNA, complete cds. 
69 20419_at AC007660 12 (-2.15 ) unknown protein 
70 18003_at AF188334 12 (-2.10 ) Arabidopsis thaliana Toll/interleukin-1 receptor-like protein (TIR) mRN 
71 17936 s at Z97342 12 (-210 ) putative beta-amylase 
72 19892_at AC005770 12 (-2.10 ) putative protease inhibitor 
73 16856_i_at AC004681 12 (-2.09 ) putative cellulose synthase 
74 16462_s_at AC004683 12 (-2.06 ) Arabidopsis thaliana chromosome II BAC T19C21 genomic sequence 
75 18670 g at AJ250341 12 (-2.00 ) Arabidopsis thaliana mRNA for beta-amylase enzyme (ct-bmy gene). 
76 17957_at AC003040 12 (-2.00 ) putative acetone-cyanohydrin lyase 
77 15389_at AC004786 12 (-2.00 ) unknown protein 
78 12896_at AC002330 24 (-4.98 ) putative tryptophan synthase alpha 1 -like 
79 12758_at AC005560 24 (-3.34 ) unknown protein 
80 18035_at AJ011631 24 (-3.01 ) Arabidopsis thaliana (ecotype Columbia) mRNA for squamosa promo' 
81 16632_at AF118824 24 (-2.88 ) Arabidopsis thaliana senescence-associated protein (SAG29) mRNA, 
82 18052_s_at AJ145957 24 (-2.70 ) Arabidopsis thaliana mRNA for precursor of the 33 kDa subunit of the 
83 19626_i_at AC006068 24 (-2.37 ) Arabidopsis thaliana chromosome II BAC T20F21 genomic sequence 
84 18704 at X60047 24 (-2.31 ) A.thaliana mitochondrial nad5 gene for NADH dehydrogenase subunit 
85 13187_i_at Z35476 24 (-2.20 ) A.thaliana (TOUL) mRNA for thioredoxin. 
86 14676_i_at F14100 24 (-2.20 ) ATTS5022 Versailles-VB Arabidopsis thaliana cDNA clone VBVXE09 
87 18742_f_at Z95751 24 (-2.17 ) Arabidopsis thaliana mRNA for AIMYB28 R2R3-MYB transcription fac 
88 16062_s_at AB007789 24 (-2.16 ) Arabidopsis thaliana mRNA for DREB1C. complete cds. 
89 15527_at AC004146 24 (-2.13 ) Unknown protein; location of ESTs gb|R30297 and gb|AA650903 
90 15573_at AL035525 24 (-2.13 ) putative protein 
91 19662_s_at AJ224122 24 (-2.11 ) Arabidopsis thaliana BBFa gene. 
92 19663_at AC004561 24 (-2.06 ) putative tropinone reductase 
93 16439_at X72022 24 (-2.00 ) A.thaliana CXc750 gene. 
94 20489_at AC002388 24 (-2.00 ) putative ethylene response element-binding protein (EREBP) 
95 12345_at L36246 72 (-8.50 ) Arabidopsis thaliana anoxia-induced protein (psaAl) mRNA, partial cc 
96 16038_S_at L04173 72 (-4.17 ) Arabidopsis thaliana glycine rich protein (RAB18) gene, complete cds 
97 16751_at AL023094 72 (-3.61 ) putative protein 
98 15921_s_at AC007067 72 (-3.38 ) unknown; similar to EST gb|N96021 
99 13061_at AC002409 72 ( -3.21 ) unknown protein 
100 16345_at AC006836 72 (-3.10 ) Arabidopsis thaliana chromosome II BAC F19B11 genomic sequence 
101 14970_at AC004697 72 (-3.05 ) unknown protein 
102 14476_at AL021889 72 (-3.00 ) putative protein 
103 14900_at AC000348 72 (-3.00 ) similar to cyclin-E binding protein 1 dbj|BAA88519.1 
104 13030_s_at AC006224 72 (-2.90 ) Arabidopsis thaliana chromosome II P1 MFL8 genomic sequence, coi 
105 20286_at AC007060 72 (-2.90 ) Contains eukaryotic protein kinase domain PF|00069. 
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Table 5. (continued) 
No. Probe #GenBank Time (Change Fold) Putative Function 
106 16607_s_at AB003591 72 (-2.80 ) Arabidopsis thaliana mRNA for sulfate transporter, complete cds. 
107 14968_at AC003981 72 ( -2.80 ) Complete sequence of Arabidopsis F22013. complete sequence. 
108 15820_at AC001229 72 ( -2.80 ) EST gb|N37484 comes from this gene. 
109 15395_at AC005698 72 ( -2.75 ) similar to glucose 1-dehydrogenase (AB000617): similar to EST gb|T£ 
110 14867 at AC007017 72 ( -2.68 ) putative mitochondrial carrier protein 
111 17970 i_at AJ007582 72 ( -2.66 ) Arabidopsis thaliana mRNA for arginine methyltransferase. 
112 13424_at AC003114 72 ( -2.60 ) Contains similarity to protein phosphatase 2C (ABM) gb|X78886 from 
113 14441_at Z99707 72 ( -2.60 ) UDP-glucuronyltransferase-like protein 
114 14870_at AC007727 72 ( -2.60 ) EST gb|AA042488 comes from this gene. 
115 15359 at AL035440 72 ( -2.60 ) putative protein 
116 15855 at AC006340 72 (-2.60 ) unknown protein 
117 15922 at AC007087 72 (-2.60 ) unknown protein 
118 14475_at AL021811 72 ( -2.58 ) putative protein 
119 13984_g_at AC004669 72 (-2.58 ) Arabidopsis thaliana chromosome II BAC F7F1 genomic sequence, a 
120 14444 g at AC000348 72 ( -2.57 ) similar to valyl-tRNA synthetase gb|AAA81332.1 
121 13914 at AC003033 72 (-2.55 ) unknown protein 
122 16428_at X65541 72 ( -2.50 ) A.thaliana mRNA for carbonic anhydrase. 
123 13950 at Z97343 72 ( -2.50 ) glycerol-3-phosphate permease like protein 
124 14442_at Z99708 72 ( -2.46 ) actin interacting protein 
125 19490_at AC007067 72 (-2.44 ) similar to xyloglucan endotransglycosylase-related protein XTR4 (pir|l: 
126 20320_at AC002291 72 (-2.40 ) Similar to "MADS box" transcription factors 
127 20353 at AC006920 72 ( -2.40 ) DNA-directed RNA polymerase II, third largest subunit 
128 20141 at AL031394 72 (-2.34 ) putative protein 
129 20519_at AC005106 72 (-2.30 ) unknown protein; similar to EST emb|F15331.1 
130 14868_at AC007071 72 (-2.30 ) unknown protein 
131 14018_at AC000132 72 ( -2.26 ) Sequence of BAC F21M12 from Arabidopsis thaliana chromosome 1. 
132 13422_at AC002986 72 ( -2.25 ) Similar to hypothetical protein product gb|Z97337 from A. thaliana. E: 
133 17902_s_at AC005314 72 ( -2.20 ) unknown protein 
134 17903_at~ AF118223 72 (-2.20 ) coded for by A. thaliana cDNA R89964 
135 12557_at Z97343 72 (-2.20 ) hypothetical protein 
136 15818_at AL049525 72 ( -2.20 ) putative protein 
137 16774 at AC003952 72 ( -2.20 ) hypothetical protein 
138 12847 at AP000423 72 (-2.18 ) Arabidopsis thaliana chloroplast genomic DNA, complete sequence, s 
139 12087_at AC003058 72 (-2.18 ) unknown protein 
140 12359 s_at X63894 72 (-2.17 ) A.thaliana mRNA GBF1 for G-box binding factor 1. 
141 15392_at AC005623 72 (-2.16 ) unknown protein 
142 13520_at AL096859 72 (-2.10 ) putative protein 
143 20388_at AC007067 72 (-2.10 ) unknown; similar to ESTs db||C26360. gb|T45760, and gb|AA394518 
144 12992_at AC007071 72 (-2.10 ) putative importin (nuclear transport factor ) protein 
145 17999_at AF184094 72 (-2.08 ) Arabidopsis thaliana spermine synthase (ACL5) mRNA. complete cds 
146 16340_at AC004255 72 ( -2.07 ) S-like receptor protein kinase; member of gene cluster; similar to EST 
147 12843_s_at X15550 72 ( -2.06 ) Arabidopsis thaliana 25S-18S ribosomal DNA spacer 
148 20418 at AC007296 72 (-2-05 ) Strong similarity to gb|U61231 cytochrome P450 from Arabidopsis tha 
149 14967_at AC002510 72 (-2.00 ) unknown protein 
150 18070_r_at AJ240080 72 (-2.00 ) Arabidopsis thaliana mRNA for Z43 snoRNA. 
151 16913_s_at AC006921 72 ( -2.00 ) Arabidopsis thaliana chromosome II BAC F2H17 genomic sequence. 
152 17410_at AC005223 72 (-2.00 ) transcription initiation factor II 
153 18243_at AJ133753 72 ( -2.00 ) Arabidopsis thaliana mRNA for peptide methionine sulfoxide reductas 
154 19683 at AC005698 72 (-2.00 ) putative proline-rich cell wall protein (pir|IS52985); similar to ESTs gb 
155 12392_at AC002391 72 (-2.00 ) putative MYB family transcription factor 
156 13488_at AL021637 72 (-2.00 ) hyuC-like protein 
157 15884_at AL078620 72 (-2.00 ) putative protein 
Expression increased: 
158 15178_s_at U43489 0 (11.4 ) Arabidopsis thaliana xyloglucan endotransglycosylase-related protein 
159 16440_af AF002109 0 (4.80 ) putative nematode-resistance protein 
160 19945 at AC003952 0 (4.40 ) putative DnaJ-like chaperonin 
161 12726J at Z95796 0 (4.18 ) Arabidopsis thaliana mRNA for AIMYB73 R2R3-MYB transcription fac 
162 17552_s_at AB008518 0 (3.86 ) Arabidopsis thaliana RMA1 mRNA, complete cds. 
163 17010_s_at AC006234 0 (3.80 ) Arabidopsis thaliana chromosome II BAC F5H14 genomic sequence. 
164 19977_at* AL049659 0 (3.50 ) putative protein 
165 16620,s at AF051338 0 (3.40 ) Arabidopsis thaliana xyloglucan endotransglycosylase related protein 
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Table 5. (continued) 
No. Probe #GenBank Time (Change Fold) Putative Function 
166 15663_s_at AB013886 0 (3.30 ) Arabidopsis thaliana mRNA for RAV1, complete cds. 
167 15665_at AF022658 0 (3.30 ) Arabidopsis thaliana putative c2h2 zinc finger transcription factor mRh 
168 18888_at AC007591 0 (3.30 ) Is a member of the PF|00903 gyloxalase family. EST s gb|T44721. gb| 
169 15124_s_at U59508 0 (3.26 ) Arabidopsis thaliana osmotic stress-induced proline dehydrogenase (| 
170 13916_at AC005169 0 (3.10 ) unknown protein 
171 19869 at AF007269 0 (3.10 ) similar to SPF1 DNA-binding protein; coded for by A. thaliana cDNA T 
172 14711_at AF085279 0 (3.00 ) Arabidopsis thaliana ABA-regulated gene cluster, complete sequence 
173 14828_at AL022196 0 (2.91 ) putative protein 
174 15576_s_at U81238 0 (2.90 ) Arabidopsis thaliana putative Cys3His zinc linger protein (ATCTH) mF 
175 16539 s_at AB013301 0 (2.89 ) Arabidopsis thaliana AIERF6 mRNA for ethylene responsive element 
176 12577_at AC007171 0 (2.70 ) putative fatty acid elongase 
177 14310_at AC004218 0 (2.70 ) putative phospholipase 
178 16001 at AF035385 0 (2.68 ) Arabidopsis thaliana SENS mRNA, partial cds. 
179 12522 at AL022605 0 (2.68 ) putative protein 
180 15116_f_at AF121356 0 (2.60 ) Arabidopsis thaliana peroxiredoxin TPx2 mRNA. complete cds. 
181 20335_s_at Y14208 0 (2.60 ) A.thaliana mRNA for AIMYB77 R2R3-MYB transcription factor. 
182 12037_at AC004005 0 (2.60 ) unknown protein 
183 15203_s_at AB013887 0 (2.59 ) Arabidopsis thaliana mRNA for RAV2, complete cds. 
184 19181_s_at AF053065 0 (2.59 ) Arabidopsis thaliana late embryogenesis abundant protein homolog (£ 
185 20186_at" AC003981 0 (2.57 ) Complete sequence of Arabidopsis F22013. complete sequence. 
186 15954 at U72155 0 (2.49 ) Arabidopsis thaliana beta-glucosidase (psr3.2) gene, complete cds. 
187 17554_at AF130849 0 (2.45 ) Arabidopsis thaliana PIT1 (Pit1) mRNA, complete cds. 
188 17832_at U94998 0 (2.44 ) Arabidopsis thaliana class 1 non-symbiotic hemoglobin (AHB1) gene. 
189 18946_at Y11788 0 (2.42 ) A.thaliana mRNA for peroxidase ATP24a. partial. 
190 20698 at AC007020 0 (2.40 ) unknown protein 
191 12374_i_at AF062906 0 (2.40 ) Arabidopsis thaliana putative transcription factor (MYB73) mRNA, par 
192 16016 at AC005560 0 (2.39 ) unknown protein 
193 15137_s_at U57320 0 (2.30 ) Arabidopsis thaliana blue copper-binding protein II mRNA. complete c 
194 18920_af AC002338 0 (2.29 ) putative laccase 
195 14052_at AC004122 0 (2.28 ) Highly Similar to branched-chain amino acid aminotransferase; Locati 
196 16028_at X98855 0 (2.27 ) A.thaliana mRNA for peroxidase ATPBa. 
197 18604_at AF069298 0 (2.20 ) similar to several small proteins ( 100 aa) that are induced by heat, au 
198 15154_at L29083 0 (2.16 ) Arabidopsis thaliana (clone AI-ASN1) glutamine-dependent asparagin 
199 12375_s_at AF062906 0 (2.16 ) Arabidopsis thaliana putative transcription factor (MYB73) mRNA, par 
200 15098_s_at U26945 0 (2.15 ) Arabidopsis thaliana senescence-associated protein mRNA, complete 
201 14504_s_at AC005851 0 (2.10 ) Arabidopsis thaliana chromosome II BAC F24D13 genomic sequence 
202 16488_af X55350 0 (2.10 ) A.thaliana STP1 mRNA for glucose transporter. 
203 16127_s_at AF062859 0 (2.08 ) Arabidopsis thaliana putative transcription factor (MYB3) mRNA. comi 
204 15320_af AL034567 0 (2.07 ) adenylate translocator (brittle-l)-iike protein 
205 15901_at AC005388 0 (2.06 ) ESTs gb|R65549 and gb|AA651123 come from this gene. 
206 16614_s_at AF015552 0 (2.00 ) Arabidopsis thaliana MADS-box (AGL9) mRNA, complete cds. 
207 12815_at" AL078467 0 (2.00 ) putative protein 
208 14077_at AF128396 0 (2.00 ) coded for by A. thaliana cDNA N38640: coded for by A. thaliana cDN/ 
209 19696 at AL078637 0 (2.00 ) putative DNA-binding protein 
210 19815_at AC007576 0 (2.00 ) Very similar to ribonucleases: contains Ribonuclease T2 family histidi 
211 13803_at Z97341 0 (2.00 ) cyanohydrin lyase like protein 
212 20606_at AC002388 2 (4.52 ) Arabidopsis thaliana chromosome II BAC T13E15 genomic sequence 
213 20058_at AC004747 2 (4.47 ) unknown protein 
214 18674_at 084225 2 (4.31 ) Arabidopsis thaliana mRNA for DEIH-box RNA/ONA helicase, compte 
215 18675_at 088036 2 (4.00 ) Arabidopsis thaliana mRNA for UDP-GlcNAc:dolichol phosphate N-ac 
216 12642_at AC006920 2 (3.50 ) unknown protein 
217 13003_at AC003114 2 (3.20 ) EST gb|T21244 comes from this gene. 
218 17536_at U50738 2 (3.12 ) Arabodopsis thaliana lycopene epsilon cyclase mRNA. complete cds. 
219 19639_at AL080252 2 (2.68 ) putative protein 
220 16053_i_at Y14251 2 (2.66 ) Arabidopsis thaliana GST11 gene. 
221 13631 at AC002387 2 (2.60 ) putative transketolase precursor 
222 12730J at Z95803 2 (2.34 ) Arabidopsis thaliana mRNA for AtMYBS R2R3-MYB transcription fact: 
223 12341_s at AL021637 2 (2.30 ) vacuolar sorting receptor-like protein 
224 20239 g at X74514 2 (2.20 ) A.thaliana mRNA for beta-fructosidase. 
225 20372 at AL021713 2 (2.19 ) putative protein 
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Table 5. (continued) 
No. Probe #GenBank Time (Change Fold) Putative Function 
226 1745l_at AC002343 2 (2.00 ) unknown protein 
227 19310 at AC004261 12 ( 5.61 ) Arabidopsis thaliana chromosome II BAC T3K9 genomic sequence, o 
228 20297_at AC007153 12 (3.00 ) Similar to indole-3-acetate beta-glucosyltransferase 
229 15153_at AF134125 12 (2.50 ) Arabidopsis thaliana Lhcb2 protein (Lhcb2:4) mRNA. complete cds. 
230 14001_at AJ224306 12 (2.50 ) Arabidopsis thaliana PRT1 gene. 
231 17469_at AC005287 12 (2.43 ) NADP specific isocitrate dehydrogenase 
232 14032_at AL035601 12 (2.40 ) cytochrome P450-like protein 
233 19135_at AC005499 12 (2.36 ) putative annexin 
234 12755_at AC000375 12 (2.33 ) Strong similarity to Arabidopsis gb|X91953,F21M12.3,F21M12.1. EST 
235 14643_s_at Z46823 12 (2.25 ) A. thaliana transcribed sequence; clone RAR047; complete; Similar tc 
236 18665_r_at AJ245909 12 (2.10 ) Arabidopsis thaliana mRNA for photosystem I subunit IV precursor (p: 
237 15996_at AC001645 12 (2.01 ) jasmonate inducible protein isolog 
238 18051 r at AJ145957 12 (2.00 ) Arabidopsis thaliana mRNA for precursor of the 33 kDa subunit of the 
239 20542_at AC004218 24 (6.02 ) unknown protein 
240 20409_g at AC004077 24 (6.00 ) mitochondrial ribosomal protein S14 
241 20442 i at AC006341 24 (3.00 ) Similar to gb|AF069494 cytochrome P450 from Sinapis alba and is a r 
242 20510 at AC006841 24 (2.79 ) putative ubiquitin fusion-degradation protein 
243 20576_at AL049607 24 (2.79 ) putative protein 
244 12216_at AC007119 24 (2.57 ) unknown protein 
245 20543 at AL021636 24 (2.54 ) putative protein 
246 17149 at AC004473 72 (2.50 ) Strong similarity to water stress-induced protein, WSI76 isolog T08I12 
247 13047_i_at AC004138 72 (2.17 ) putative basic blue protein (plantacyanin) 
248 18038_i_at AJO11637 72 (2.05 ) Arabidopsis thaliana (ecotype Columbia) mRNA for squamosa promo' 
249 19628 at AL035528 72 (2.00 ) RNA-binding protein like 
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Table 6. List of genes whose mRNA accumulation changed two or more times over the five 
time points between WT and MCC-A antisense plants 
WT and MCC-A antisense plants were grown on MS media in Petri dishes under 
continuous light and then moved into complete darkness. All plants were harvested at 13 
DAP. Total RNAs were labeled with fluorescent dye and hybridized with Affymetrix 
Arabidopsis gene chips. Genes with an expression change fold more than two between WT 
and MCC-A antisense plants are extracted. Listed in this table are genes with expression 
changed two or more times over the five time points. 
No. Probe KGenBank Time (Change Fold) Putative Function 
Decreased expression: 
1 17012_at L41244 0 -5.90 ) 2 -2.06 ) Arabidopsis thaliana Ihionin (Thi2.1 ) mRNA. complete cds 
2 12S74_at X82624 0 -2.29 ) 2 -2.87 ) A.thaliana mRNA for SRG2A1 (147bp) 
3 20420_at AL024486 0 -4 20 ) 12 -9 27 ) putative chitinase 
4 17014_s_at U05206 0 -3 30 ) 12 -3.37 Arabidopsis thaliana ribonuclease (RNSl) mRNA. complete cds 
5 13211_s_at M38240 0 -2.93 ) 12 -2.72 A thaliana basic chitinase gene, complete cds. 
6 12332_s_at AB023448 0 -2.70 ) 12 -2.97 Arabidopsis thaliana ChiB gene for basic endochitinase. complete cds. 
7 I917l_at AC002335 0 -2.38 ) 12 -2.00 Arabidopsis thaliana complete chromosome II. complete sequence. 
8 20491_at AC004561 0 -2.20 ) 12 -2.00 putative tropinone reductase 
9 14096_at AC002291 0 -3.70 ) 24 •2.40 ) Unknown protein; Location of EST gb|Z33741 and gb|F13559 
10 14733_s_at 032138 0 -2.50 ) 24 -2.49 ) Arabidopsis thaliana mRNA for delta 1-pyrroline-5-carboxylate synthase. 
11 20421_at U81294 2 -3.70 ) 12 -2.35 ) Arabidopsis thaliana germin-like protein (GLP9) mRNA. partial cds. 
12 13154_s_at AC002333 2 -3.50 ) 12 -3.08 ) putative endochitinase 
13 14704_s_at AC007134 2 -2.86 ) 24 -2.27 ) putative retroelement pol polyprotein 
14 15623_f_at U62330 12 -4.87 ) 24 -2.67 ) Arabidopsis thaliana phosphate transporter (AtPT1) mRNA. complete c 
Decreased and increased expression: 
15 19177_at X99923 0 3.60 ) 2 -3.46 ) A thaliana mRNA for male sterility 2-like protein. 
16 13699_at AC006931 0 4.84 ) 2 -2.70 ) unknown protein 
17 12859_at AF144389 0 6.10 ) 2 -2.00 ) Arabidopsis thaliana thioredoxin-like 3 mRNA complete cds. 
18 17932_at AC000098 0 2.21 ) 12 -4.00 ) Strong similarity to Arabidopsis peroxidase ATP11A (gb|X98802). 
19 18216_at X95S73 0 3.30 ) 24 -2.78 ) A.thaliana mRNA for salt-tolerance zinc finger protein. 
20 16630_s_at AF093672 0 2.18 ) 24 -2.77 ) Arabidopsis thaliana xyloglucan endotransglycosylase (XTR9) mRNA. c 
21 16489_at X67421 0 2.60 ) 24 -2.76 ) Arabidopsis thaliana extA gene. 
22 15985_at X98808 0 2.43 ) 24 -2.64 ) A thaliana mRNA for peroxidase ATP3a. 
23 18217 q at X95573 0 3.10 ) 24 -2.50 ) A.thaliana mRNA tor salt-tolerance zinc finger protein. 
24 12892 g at M92354 0 2.50 ) 24 -2.40 ) Arabidopsis thaliana ACC synthase (AtACS-6) mRNA. partial cds 
25 16536_at AB008107 0 5.70 ) 24 -2.19 ) Arabidopsis thaliana AtERF-5 mRNA for ethylene responsive element b 
26 15431_at AL030978 0 4.50 ) 24 -2.19 ) putative protein 
27 12891_at M92354 0 2 59 ) 24 -2.03 ) Arabidopsis thaliana ACC synthase (AtACS-6) mRNA. partial cds 
28 15817_at 299707 0 2.00 ) 72 -2.59 ) putative protein 
29 12381_at AB003522 0 2.40 ) 72 -2.50 ) Arabidopsis thaliana DNA for larger subunit of Rubisco. beta subunit of 
30 14964_at AC001229 2 210  )  12 -2.75 ) Sequence of BAC F5I14 from Arabidopsis thaliana chromosome 1. coir 
31 20345_at AF104919 2 2.35 ) 12 -2.10 ) similar to class I chitinases (Pfam: PF00182. E=1.2e-142. N=1) 
32 19118_s_at AF098630 2 2.00 ) 12 -2.03 ) Arabidopsis thaliana putative cell wall-plasma membrane disconnecting 
Increased expression: 
33 14633_at U29699 0 2.22 ) 12 3.04 ) Arabidopsis thaliana light-dependent NADPH:protochlorophyllide oxidor 
34 I6113_s_at AB027504 0 5.29 ) 12 3.02 ) Arabidopsis thaliana FT (FLOWERING LOCUS T) mRNA. complete cd 
35 19119J_at AF098631 2 2.28 ) 72 2.10 ) Arabidopsis thaliana putative cell wall-plasma membrane disconnecting 
36 14122_.at AF058826 24 2.19 ) 72 2.32 ) similar to eukaryotic protein kinase domains (Pfam: pkinase.hmm. scon 
Expression changed three or more times: 
37 16914_s_at AL049500 0 (-2.00) 2 (-2.20) 12 (-2.67) osmotin precursor 
38 19614_at AC003970 0 (-2.60) 2 (-2.36) 12(3.20) Highly similar to cinnamyl alcohol dehydrogenase 
39 15519 s_at AC006550 0 (-4.38) 2 (-40.2) 12 (-28.6) 24 (-11.4) 72 (-10.6) MCC-A 
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Table 7. Arabidopsis genes known to be involved in (suspected to be related to) Leu 
catabolism on Afifymetrix gene chip 
A f f y l D  cDNA ID Gene Location3 Reference 
Branch-chain amino acid aminotransferase (BCAAT) 
14052_at 
20518_at 
13024 at 
At3g49680 
Atlg50110 
At3g05190 
Atlg50090 
At5g57850 
Atlgl0070 
Atlgl0060 
At3g22200 
At5g65780 
At5g27410 
At3gl9710 
BCAAT-1 
BCAAT-2 
BCAAT-3 
Chloroplast 
Cytoplasm 
Cytoplasm 
Cytoplasm 
Cytoplasm 
Mitochondria 
Mitochondria 
Mitochondria 
Not clear 
Not clear 
Peroxisome 
TIGR annotation 
Branch chain 2-ketoacid dehydrogenase (BCKDH) 
18953 at 
12217_at 
MCCase 
15519_s_at 
13162 at 
Atlg21400 E l a  Mitochondria Mooney et al., 1998 
At5g34780 E l a  Not clear TIGR annotation At5g09300 E l a  Not clear 
Atlg55510 E l p  Mitochondria Luethy et al., 1998 
At3g 13450 E i p  Mitochondria Fujiki et al., 2000 
Atlg30120 E l p  Chloroplast TIGR annotation 
Fujiki et al., 2000: 
At3g06850 E2 Mitochondria Mooney et al., 
1998 
AF228639 E3 (mtlpdl) Mitochondria Lutziger and 
AF228640 E3 (mtlpdl) Mitochondria Oliver, 2001 
AF228637 E3 (ptlpdl) Chloroplast Lutziger and 
AF228638 E3 {ptlpdl) Chloroplast Oliver, 2000 
U12536 
AF059510 
MCC-A 
MCC-B 
Mitochondria 
Mitochondria 
Weaver et al., 
1995 
McKean et al., 
2000 
HMG-CoA Lyase 
12476 at At2g268Q0 Mitochondria TIGR annotation 
a Location of genes were either revealed by previous research as in Reference, or predicted 
using software TargetP and PSORT. Results of prediction were reported only when two 
software resulted in similar conclusion. 
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Table 7. (continued) 
Affy ID cDNA ID Gene Location" Reference 
Acyl-CoA oxidase (AGO) 
15164_s_at ABO 17643 
15580_at AF057043 
17476_at At2g35690 
3-Hydroxyisobutyryl-CoA hydrolase (HIH) 
Î43O6 at At2g30660 HIH-1 Peroxisome 
13402_at At2g30650 HIH-2 Peroxisome TIGR annotation 
12983 at At4gl3360 HIH-3 Cytoplasm 
Short-chain 
ACQ 
ACX2 
Putative 
long-chain 
ACQ 
Peroxisome 
Peroxisome 
Hayashi et al., 1999 
Hooks et al., 1999 
Peroxisome Blast search 
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Peroxisomal Leu 
metabolic pathway 
cxKIC 
;
Oxidative 
decarboxylation 
Isovaleryl-CoA 
I Acyl-CoA 
•oxidase* 
MC-CoA « 
I Acyl-CoA 
•hydratase 
3-Methylcrotonic acid w--
i3-methylcrotomc acid hydratase 
2-Hydroxyisovaleric acid 
I 2-Hydroxyacid 
•oxidase 
2-Ketoisovaleric acid 
;
Oxidative 
decarboxylation 
Isobutyryl-CoA 
Mitochondrial Leu 
metabolic pathway 
BcMt> 
aKIC 
BCKDH 
Isovaleryl-CoA 
dehydrogenase ; 3-oxo-7-methyloctenyl-CoA 
MC-CoA 
3-Methylcrotonic acid 
MCCase 
MG-CoA 
Methylacrylyl-CoA 
t 
3-Hydroxyisobutyryl-CoA 
I 3-Hydroxyisobutyryl-CoA 
•hydrolase* 
3-Hydroxyisobutyrate 
MG-CoA 
hvdratase 
Methyl malonyl semialdehyde 
t 
PP-CoA 
HMG-CoA 
HMG-CoA 
I vase* 
Carboxygeranol-CoA 
2-lsopentenaldehyde 
Geranoyl-CoA 
2-lsopentenol 
Isoprenoids 
Acetyl-CoA 
1 
IPP 
• 
Acetoacetyl-CoA -*• HMG-CoA • MVA 
Figure 1. Leu catabolism and potential metabolic functions of MCCase in plants. Two 
pathways have been identified for Leu degradation: one in mitochondria requiring MCCase 
and one in the peroxisome that is MCCase-independent. MCCase may also be required in 
two interconnected metabolic pathways: isoprenoid catabolism and the mevalonate shunt. 
Enzymes whose genes (or putative genes) are present on the Affymetrix microarray are in 
bold (or starred) (Table 7). BCAAT, branched-chain amino acid aminotransferase; PP-CoA. 
propionyl-CoA; BCKDH, branched-chain 2-ketoacid dehydrogenase; MG-CoA, 3-
methylglutaconyl-CoA; MVA, mevalonate; IPP, isopentenyl pyrophosphate. 
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Figure 2. MCC-A protein accumulation and MCCase activity in leaves of WT and MCC-A 
antisense plants. Individual MCC-A antisense (1-11) and WT (WT) plants were harvested at 
30 DAP. A, MCC-A holoprotein accumulation. Western blot was probed with l2"I-
streptavidin to measure the relative abundance of MCC-A. 50 pg protein was loaded in each 
well. Numbers below the panel are MCC-A protein intensities relative to WT quantitated by 
using ImageQuant software. B. MCCase activity. 1-11. MCC-A antisense plants: WT. WT 
plant. 
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Figure 3. Effect of dark treatment on MCC-A holoprotein accumulation in leaves of MCC-A 
antisense plants. Individual MCC-A antisense (1-9) and WT (WT) plants were harvested at 
30 DAP. Western blots were probed with l2sI-streptavidin to measure the relative abundance 
of MCC-A. 50 ng protein was loaded in each well. A, Plants grown under 16 h light/8 h 
dark photoperiods for 30 d. B, Plants grown under 16 h light/8 h dark photoperiods for 28 d 
followed by 2 d in darkness. 1- 9, MCC-A antisense plants; WT, WT plants. 
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Figure 4. MCC-A and MCC-B mRNA abundance in WT and MCC-A antisense plants. WT 
and MCC-A antisense plants were grown on MS media in Petri dishes under continuous light 
and then moved into complete darkness at 2. 12, 24 and 72 h before harvest. All plants were 
harvested at 13 DAP. Equal amounts of total RNA (10 ^g) were loaded for each sample. 
The blots were hybridized with j2P-labeled MCC-A and MCC-B cDNAs. MCC-24 and 
MCC-69, two MCC-A antisense transgenic lines; WT, WT plant. 
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Figure 5. Identification of metabolites of 14C-Leu catabolism by HPLC. A, HPLC profile of 
l4C-Leu metabolites. MCC-A antisense plants were cultured in liquid MS media under 
continuous light for 10 d followed by dark for 2 d. Plant roots were then harvested and 
incubated with 14C-Leu for 24 h in the dark. Metabolites were extracted in 5% TCA and 
injected in an HPLC. Five 14C-labeled peaks (1-5) were detected. B, HPLC profile of A 
after incubating in 12% (v/v) NH3 H1O for 30 min at 60°C to hydrolyze CoA derivatives. C, 
HPLC profile of 6 reference acyl-CoAs. MA-CoA, malonyl-CoA; AC-CoA, acetyl-CoA; 
PP-CoA, propionyl-CoA; IB-CoA, isobutyryl-CoA. 
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Figure 6. Confirmation of the identity of l4C-Leu metabolites in HPLC profiling. aKIC or 
appropriate acyl-CoA standards were added into the l4C-Leu feeding extract shown in Figure 
5A prior injecting to an HPLC. Both A254 (black) and l4C-profiling (red) were plotted to 
indicate the matching of the spiked standards with the metabolites under investigation. A, 
l4C-Leu feeding extract + aKIC. B, l4C-Leu feeding extract + propionyl-CoA (PP-CoA). C, 
l4C-Leu feeding extract + acetoacetyl-CoA (AA-CoA). D, l4C-Leu feeding extract + MC-
CoA. 
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Figure 7. Catabolism of Leu in WT and MCC-A antisense plants. WT and MCC-A antisense 
plants were grown in liquid MS media under continuous light for 12 d or under continuous 
light for 10 d followed by in the dark for 2 d. Plant leaves or roots were then harvested and 
incubated with l4C-Leu for appropriate time under the light or in the dark (for dark 
treatment). Metabolites were extracted in 5% TCA and injected in an HPLC. Numbered are 
the metabolites identified. 1, Leu; 2, aKIC; 3, acetoacetyl-CoA; 4, propionyl-CoA; 5. MC-
CoA. The complete results are summarized in Table 1 and Table 2. A, WT leaves with dark 
treatment and incubated with l4C-Leu for 4 h. B, MCC-A antisense leaves with dark 
treatment and incubated with l4C-Leu for 4 h. C, WT roots with light treatment and 
incubated with l4C-Leu for 24 h. D, MCC-A roots with light treatment and incubated with 
14C-Leu for 24 h. 
Figure 8. Light-regulated genes and their expression. WT and MCC-A antisense plants were 
grown on MS media in Petri dishes under continuous light and then moved into complete 
darkness for appropriate time. All plants were harvested at 13 DAP. Total RNAs were 
labeled with fluorescent dye and hybridized with Affymetrix Arabidopsis gene chips. Genes 
with an expression change fold more than five over the five time points in both WT and 
MCC-A antisense plants are extracted and clustered based on the time they reach maximum 
expression after averaging over WT and MCC-A antisense plants. Shown is the normalized 
intensity (AvgDiff) for each gene from microarray data (normalized by scaling the average 
intensity of all the probe sets to a target intensity value of 1,500). A, cluster 1, maximum 
expression occurs at time 0. This cluster contains 122 genes. Table 3 lists genes of this 
cluster with known putative gene function. B, cluster 2, maximum expression occurs at time 
2. This cluster contains 9 genes. C, cluster 3, maximum expression occurs at time 12. This 
cluster contains 15 genes. D, cluster 4, maximum expression occurs at time 24. This cluster 
contains 18 genes. E, cluster 5, maximum expression occurs at time 72. This cluster 
contains 38 genes. Table 4 lists genes of clusters 2-5 with known putative gene function. 
MCC-A, MCC-A antisense plants; WT, WT plants. 
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In Darkness (h) In Darkness (h) 
Figure 9. Expression pattern of genes putatively in mitochondrial Leu catabolic pathway. 
WT and MCC-A antisense plants were grown on MS media in Petri dishes under continuous 
light and then moved into complete darkness at 2, 12, 24, and 72 h before harvest. All plants 
were harvested at 13 DAP. Total RNAs were labeled with fluorescent dye and hybridized 
with Asymetrix Arabidopsis gene chips. Genes are either previously characterized to be 
involved in mitochondrial Leu pathway or predicted to be in mitochondria (Table 7; BCAAT-
3 location not clear). Shown is the AvgDiff relative to WT at time 0 (i.e., under continuous 
light) for each gene from microarray analysis. BCAAT, putative branched-chain amino acid 
aminotransferase; BCKDH, branched-chain 2-ketoacid dehydrogenase; MCC-A and MCC-B. 
genes encoding the two subunits of MCCase. In parentheses are their Affy IDs. 
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Figure 10. Expression pattern of genes putatively related to peroxisomal Leu catabolic 
pathway. WT and MCC-A antisense plants were grown on MS media in Petri dishes under 
continuous light and then moved into complete darkness at 2, 12, 24, and 72 h before harvest. 
All plants were harvested at 13 DAP. Total RNAs were labeled with fluorescent dye and 
hybridized with Affymetrix Arabidopsis gene chips. Genes are either previously 
characterized or predicted to be in peroxisome (Table 7). Shown is the AvgDiff relative to 
WT at time 0 (i.e., under continuous light) for each gene from microarray analysis. ACO. 
acyl-CoA oxidase; ACX2, gene encoding acyl-CoA oxidase; HIH, 3-hydroxyisobutyryl-CoA 
hydrolase. In parentheses are their Affy IDs. 
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CHAPTER 4. GENERAL CONCLUSIONS 
This study applied a reverse-genetics approach to investigate the function and the 
overall significance of two biotin-containing enzymes, acetyl-CoA carboxylase (ACCase) 
and 3-methylcrotonyl-CoA carboxylase (MCCase) in plants. Antisense Arabidopsis plants 
expressing antisense RNA of CACI-A and MCC-A, which encode the biotin carboxyl carrier 
subunit protein (BCCP) of plastidic ACCase and the biotin-containing subunit protein 
(MCC-A) of MCCase, respectively, under the direction of CaMV 35S promoter, have been 
obtained. 
Plastidic ACCase catalyzes the first committed step of de novo fatty acid 
biosynthesis. Independent transgenic lines have been shown to contain different levels of 
BCCP. However, the m RNA and protein abundance of the other three subunit proteins of 
plastidic ACCase are not altered in the CACI-A antisense plants. Fatty acid contents are 
surprisingly slightly increased per weight of leaves and seeds in CACI-A antisense plants, but 
the fatty acid composition is indistinguishable from the wild type plants. The increase of 
fatty acid contents may contribute to the reduced cell size and compact structure in CACI-A 
antisense plants. 
CACI-A antisense plants with reduced BCCP possess different degrees of similar 
morphological changes. They grow slowly, have a smaller size than the wild type plants, and 
their late vegetative and cauline leaves are crinkly and variegated yellow, indicating 
premature cell death. The severity of the morphological change in CACI-A antisense plants 
is correlated with the magnitude of the reduction of BCCP. Microscopy studies reveal that 
CACI-A antisense cells contain cellular and subcellular abnormality, and structural changes 
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similar to those in autophagic response. This is consistent with the results from microarray 
analysis, which indicate that in CACI-A antisense plants with reduced BCCP. the expression 
of genes involved in anti-oxidation, pathogen infection and other stress response, cell 
division control, and cellular structure construction, have been changed. 
Fatty acid availability is required for normal cell growth and expansion. This study 
shows that plants are very sensitive to the level of expression of BCCP. Slightly decreasing 
the amount of BCCP by CACI-A antisense transgene causes pleiotropic morphological 
changes, subcellular damage to mitochondria and plastids, and premature cell death. 
Investigation into the mechanisms and sequence of this process will help us understand plant 
development, and the association of lipid metabolism and the metabolic pathways to plant 
development. 
MCCase is involved in mitochondrial Leu catabolism and several interconnected 
metabolic pathways: the mevalonate shunt and isoprenoid catabolism. MCC-A antisense 
plants express various levels of MCC-A. In antisense plants with the most down-regulated 
MCC-A expression, MCC-A mRNA, MCC-A protein, and MCCase activity are all below 
detection. However, no morphological changes have been observed in MCC-A antisense 
plants after growing the plants up to the T$ generation. The detection of propionyl-CoA. an 
intermediate of peroxisomal Leu catabolism, and its higher accumulation in MCC-A 
antisense plants support the existence of an alternative peroxisomal Leu catabolic pathway. 
The complete sequencing of the Arabidopsis genome allows us to search for genes 
involved in peroxisomal Leu catabolic pathway. Searches of the Arabidopsis genome 
identified putative branched-chain amino acid aminotransferases (BCAAT) in mitochondria, 
peroxisome, chloroplast and cytoplasm. However, no putative branched-chain 2-ketoacid 
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dehydrogenase (BCKDH) genes similar to the ones in mitochondria are identified in 
peroxisomes. Dark treatment greatly increases the expression of genes involved in the 
mitochondrial Leu catabolic pathway and peroxisomal (3-oxidation. In MCC-A antisense 
plants, although mitochondrial Leu catabolism is presumably blocked due to the low 
abundance of MCC-A and low activity of MCCase, the mRNA accumulation of other genes 
including BCAAT, MCC-B, branched-chain ketoacid dehydrogenase E1 a are not affected 
and they are up-regulated by dark treatment. The similarity and possible sharing of reactions 
of the peroxisomal Leu catabolic pathway and peroxisomal (3-oxidation add difficulty to the 
investigation of the significance of this Leu pathway, and its relationship with the 
mitochondrial Leu pathway. Until now chyl (catalyzes the reaction to form 3-hydroxy-
isobutyrate from 3-hydroxyisobutyryl-CoA) is the only gene to have been cloned and 
characterized in this pathway. The expression change of mRNAs similar to this gene is 
trivial in MCC-A antisense plants and in plants under dark treatment. 
Our study provides evidence supporting the existence of peroxisomal Leu catabolic 
pathway, but the establishment of a detailed pathway needs more investigation. We may 
start with identifying genes putatively involved in peroxisomal Leu catabolic pathway, and 
investigating their expression pattern in MCC-A antisense plants. Genes in early steps in the 
pathway, like BCAAT, BCKDH and acyl-CoA oxidase, are more likely to be regulatory, thus 
readily respond to the down-regulation of MCC-A and to a shift from light to dark growth 
conditions. Genes expressed differentially between WT and MCC-A antisense plants, 
identified using Affymetrix microarray analysis, are also of potential interest. 
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APPENDIX A. PRELIMINARY ANALYSIS OF TWO AFFYMETRIX 
MICROARRAY EXPERIMENTS WITH CACJ-A ANTISENSE PLANTS 
Both the following experiments were designed and carried out by Carol Foster, a 
postdoctoral fellow in our lab. The analysis presented is my own. The original purposes and 
detailed experiment conditions are listed below. The analysis here focuses on the 
comparison between WT and CACI-A antisense plants. To isolate genes with mRNA 
accumulation changes at each time point of the treatments for each microarray experiment, 
the following procedure is used (this is the same procedure used for analysis of microarray 
data to compare gene expression between WT and MCC-A antisense plants in Chapter 3. 
Here is a more detailed protocol): 
1. Asymetrix Microarray Suite 4.0 is used to carry out absolute analysis (the parameter of 
scaling was set to 1,500 for the average of all the probe sets) and to get AvgDiff (mRNA 
signal intensity) and AbsCall (gene expression status) parameters. 
2. To get rid of the negative AvgDiff, the 5-percentile of all the AvgDiff identified as "P" 
("Present') was set as the background signal value for genes of each experiment (165.4 
for Experiment 1 and 134.8 for Experiment 2). Any AvgDiff less than the background 
value was replaced with the background value. Accordingly, at any time point for any 
gene, if the AvgDiff is less than the background value, the AbsCall is set to "A" 
("Absent"). 
3. A comparison analysis was run using Affymetrix Microarray Suite 4.0, using WT at each 
time point as the baseline to compare the mRNA accumulation between WT and CACI-A 
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antisense plants at each time point. The results are DiffiCall (expression change status) 
and FC (expression change fold) for each comparison of each gene at each time point. 
4. A new expression change fold was calculated: 
FC2 = (AvgDifOc^c/,-/ / (AvgDiff)v\rr if (AvgDiff)c,ic/-.-i >= (AvgDiff)wr. or 
FC2 = - (AvgDiff)wt / (AvgDiff)cxc/ x if (AvgDiff)c.^r/-^ < (AvgDiff)wr. 
5. A comparison between WT and CACI-A antisense plants of a gene at a time point 
satisfying the following conditions was considered as having an expression change: 
(i) AbsCall at higher AvgDiff is "P"; 
(ii) DiffCall is either "I" (increase) or "D" (decrease); 
(iii) The smaller of absolute value of FC and FC2 is at least 2. 
In experiment 1. WT and CACI-A antisense plants were placed under UV-A 
irradiation, and sampled at times 0, 1,4, 10 and 24 hr. In experiment 2, WT and CACI-A 
plants were grown under extended continuous light after ~5 weeks under 8 hr light/16 hr dark 
photoperiod and sampled at times 0, 0.5, 1, 6 and 12 hr. In both experiments, before UV-A 
or extended light treatments, CACI-A mRNA accumulation is down-regulated in CACI-A 
antisense plants. Surprisingly, the expression of CACI-A is stimulated by UV-A treatment in 
CACI-A antisense plants quickly (after 1 hr treatment), then slightly decreases. In contrast, 
in WT plants, CACI-A mRNA accumulation slightly decreases over time under UV-A but is 
relatively quite stable. Thus, the CACI-A mRNA accumulation is very similar between WT 
and CACI-A antisense plants under UV-A treatment. Accordingly, the number of genes 
showing expression changes between WT and antisense plants drops from more than 500 
before UV-A treatment to around 50 under UV-A treatment. Interestingly, under UV-A 
treatment, CAC2 and CAC3 have a similar expression pattern as that of CACI-A. 
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In SD/LD experiment under the extended light treatment. CACI-A mRNA 
accumulation in WT is consistently higher than that in CACI-A antisense plants. 
Accordingly the number of genes with expression change between WT and CACI-A 
antisense plants is consistently around 1,000. 24 genes was identified down-regulated and 
137 genes up-regulated in the antisense plants over all the five time points of extended light 
treatment. 
Compare results from the UV-A and SD/LD experiments, the change fold of CACI-A 
mRNA down-regulation is less under continuous light (UV-A experiment) than under SD (8 
hr light/16 hr light) condition, which is consistent with our observation of less severe 
morphological changes when growing the antisense plants under continuous light. It is 
surprising that UV-A treatment eliminates the down-regulation of CACI-A in the antisense 
plants. 
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Experiment 1. UV-A treatment 
Original purpose: To elucidate early changes in transcript accumulation in leaves in response 
to ultraviolet light (UV-A) treatment. 
Plant: WT. CACI-A antisense. 
Treatment: Both WT and CACI-A antisense plants were transplanted from MS media in Petri 
dishes (CACI-A antisense plants screened by Kan-resistance) and grown in soil under 
continuous fluorescent light for ~3 weeks. Then plants were treated with UV-A light of 
110 kW/m2 with 0, 1,4,10 and 24 hr, respectively. 
Result 1. Number of genes identified as having expression change between WT and CACI-
A antisense plants at each time point: 
UV-A (hr) 0 14 
# Gene with 505 
Expression change 
# Gene 
shared 
24 Total 
62 660 
Result 2. Number of genes classified by times of expression change between WT and 
CACI-A antisense plants: 
# Expression 
change 
# Gene 601 43 
3 
14 
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Result 3. mRNA accumulation of ACCase-related genes (• CACI-A antisense; D WT): 
(ACC2 is also present on Affymetrix chip, but expression level is below detection for all 
five time points in UV-A treatment.) 
8 
60 | 
ACCl I 
0 4 10 24 1 
! 
CACI-A 
0 10 1 4 24 
1 
CAC2 
0 24 4 1 10 
! 
CAC3 
I 
0 24 1 4 10 
UV-A (hr) UV-A (hr) 
Result 4. Genes of potential interest with differential expression between WT and CACI-A 
antisense plants (Table 1). 
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Table 1. List of genes with at least two times of expression change over the five time points 
of UV-A treatment between WT and CACI-A antisense plants (totally 59 genes. NC, no 
change): 
Expression Change Fold at Time (hr) 
No. AflvID 0 1 4 10 24 Putative Function 
Expression changed two times: down-regulated 
1 12345_at -7.20 NC NC -2.00 NC Arabidopsis thaliana anoxia-induced protein (psaA1) mRNA. partial 
2 14400 at NC -3.00 -2.96 NC NC putative protein 
3 14114_f_at -3.44 NC -2.40 NC NC subtilisin-like protease 
4 20661_at -2.20 NC -3.60 NC NC A.thaliana mRNA for alanyl tRNA synthetase. 
5 19503_at NC -3.48 NC -2.30 NC putative protein 
6 2Q144~at -2.20 -2.60 NC NC NC receptor kinase-like protein 
Expression changed two times: up-regulated 
7 19839_at 24.00 6.18 NC NC NC putative thaumatin 
8 14016 s at 3.99 NC 10.82 NC NC Sequence 29 from Patent W09813478. 
9 14416_at" 2.90 8.00 NC NC NC unknown protein 
10 16860_at 2.60 NC 7.27 NC NC Strong similarity to Dianthus cysteine proteinase (gb|U17135). 
11 20420_at 6.59 NC 2.16 NC NC putative chitinase 
12 16048_at 4.68 2.94 NC NC NC A.thaliana (Columbia) Dr4 mRNA. 
13 19046 at 4.61 2.69 NC NC NC unknown protein 
14 20641_at 2.20 NC NC 5.10 NC A.thaliana mRNA for LEA76 typel protein. 
15 14015_s at 2.07 NC 4.50 NC NC Sequence 21 from Patent W09813478. 
16 19388_at 3.48 NC 2.70 NC NC ESTs gb|N65789.gb|T04628 come from this gene. 
17 16039 s at 3.25 NC NC NC 2.80 A.thaliana mRNA for protease inhibitor II. 
18 19762_at" 3.01 NC 2.96 NC NC peptide transporter-like protein 
19 15161_s_at NC NC 3.40 2.50 NC Lysine-ketoglutarate reductase/saccharopine dehydrogenase (LKR. 
20 20201_at" 3.80 2.10 NC NC NC glycine-rich protein like 
21 13645_at 2.80 NC NC 2.48 NC EST gb|ATTS0295 comes from this gene. 
22 18015_i_at NC NC 2.62 NC 2.50 Arabidopsis thaliana mRNA for DEAD box RNA helicase. RH26 
23 20158_at 2.70 NC NC NC 2.30 putative protein 
24 16536_at 2.00 NC NC NC 2.72 AtERF-5 mRNA for ethylene responsive element binding factor 5. c 
25 13100_at NC NC 2.10 2.60 NC putative cytochrome P450 
26 14978_at NC NC 2.40 2.07 NC putative glucosyltransferase 
27 16150 at NC NC 2.26 2.06 NC Arabidopsis thaliana pEARLI 1 mRNA. complete cds. 
Expression changed two times: down- and up-regulated 
28 15154_at -7.30 NC 2.43 NC NC Arabidopsis thaliana (clone A1-ASN1 ) glutamine-dependent asparac 
29 20558 at -4.30 NC 2.40 NC NC putative protein 
30 17222_at -2.84 NC 3.00 NC NC Contains similarity to thyroid receptor interactor gb|L40410 from Ho 
31 14449 at -2.68 2.39 NC NC NC unknown protein 
32 13240_f_at -2.60 NC NC NC 3.25 Arabidopsis thaliana mRNA for ethylene-responsive element bindin 
33 18968 at -2.30 NC 2.42 NC NC Arabidopsis thaliana endoxyloglucan transferase (XTR3) gene, con 
34 14723_f_at -2.10 NC NC NC 2.10 Arabidopsis thaliana AP2 domain containing protein RAP2.3 mRNA 
35 16524 at -2.09 NC NC 2.07 NC Strong similarity to gb|S77096 aldehyde dehydrogenase homolog fr 
36 20672_at -2.08 NC 2.27 NC NC unknown protein 
37 17413_s at NC -2.17 2.20 NC NC Arabidopsis thaliana pi 5a gene, partial. 
38 18637_at NC NC 2.45 -2.96 NC unknown protein 
39 20096_at NC NC NC 2.40 -5.97 putative berberine bridge enzyme 
40 15141_s_at NC NC NC 2.26 -2.05 Arabidopsis thaliana mRNA for vegetative storage protein, complet» 
41 16751_ai 3.13 NC NC NC -2.20 putative protein 
42 14032 at 2.24 NC NC NC -2.30 cytochrome P450-like protein 
43 16311 at 2.00 -2.10 NC NC NC putative protein 
Expression changed three times: down -regulated 
44 20008 at NC -3.30 NC -2.29 -2.66 putative protein 
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Table 1. (continued) 
Expression Change Fold at Time (hr) 
No. AffylD 0 1 4 10 24 Putative Function 
Expression changed three times: up-regulated 
45 19019_i_at NC 3.62 8.39 6.80 NC A.thaliana mRNA for SRG2AI (186bp). 
46 15189_s_at 2.05 5.47 NC NC 4.90 Arabidopsis thaliana prolodermal factor 1 (PDF1) mRNA, complete 
47 12239 at 3.97 3.30 NC NC 3.90 glycine-rich protein like 
48 12782 r_at 3.50 NC 2.40 NC 5.16 Identical to gb|L14814 DNA for tissue-specific acyl carrier protein is 
49 12574_at NC 3.40 3.00 4.06 NC A.thaliana mRNA for SRG2AI (147bp). 
SO 16462 s_at 2.00 NC 2.15 5.30 NC Arabidopsis thaliana chromosome II BAC T19C21 genomic sequen 
51 12332_s_at NC 2.40 2.38 NC 3.64 Arabidopsis thaliana ChiB gene for basic endochitinase. complete c 
52 19614 at 2.88 NC 2.30 3.00 NC Highly similar to cinnamyl alcohol dehydrogenase, gi|l 143445 
53 16431_at NC 2.37 2.67 NC 3.05 putative nonspecific lipid-transfer protein 
54 12846_s_at NC 2.18 2.06 NC 3.80 Arabidopsis thaliana DNA for rRNA intergenic region;heterogeneou 
Expression changed three times: down- and up-•regulated 
55 14459_at -2.07 2.06 2.68 NC NC unknown protein 
56 20297_at NC NC 3.30 3.65 -2.27 Similar to indole-3-acetate beta-glucosyltransferase 
57 14384_at 2.90 NC 2.60 -2.30 NC putative phosphoribosylaminoimidazolecarboxamide formyltransfer. 
Expression changed four times 
58 16432 a at NC 2.34 3.40 2.20 3.70 putative nonspecific lipid-transfer protein 
Expression changed five times 
59 16914 s at 3.40 4.08 5.41 4.80 3.00 osmotin precursor 
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Experiment 2. SD/LD (short day/long day) treatment 
Original purpose: To elucidate early changes in transcript accumulation in rosettes in 
response to a switch from SD to LD photoperiod. 
Plant: WT, CACI-A antisense. 
Treatment: Both WT and CACI-A antisense plants were transplanted from MS media in Petri 
dishes (CACI-A antisense plants screened by Kan-resistance) and grown in soil under SD 
photoperiod (8 hr light, 16 hr dark) for ~5 weeks. Then plants were grown under 
extended continuous light for 0, 0.5, 1,6 and 12 hr, respectively. 
Result 1. Number of genes identified as having expression change between WT and CACl-
A antisense plants at each time point: 
Extended light (hr) 0 0.5 1 6 12 Total 
# Gene with 1109 926 820 970 1084 2409 
Expression change 
# Gene 
shared 
436 508 
y 
371 376 
Result 2. Number of genes classified by times of expression change between WT and 
CACI-A antisense plants: 
# Expression , 2 3 4 5 
change 
# Gene 1240 441 292 269 167 
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Result 3. mRNA accumulation of ACCase-related genes (• CACl-A antisense; • WT): 
(ACC2 is also present on Affymetrix chip, but expression level is below detection for all 
five time points in SD/LD treatment.) 
ACCl CACl-A 
1-
CAC3 
Extended Light (hr) 
0.5 1 6 
Extended Light (hr) 
Result 4. Genes of potential interest with differential expression between WT and CACl-A 
antisense plants (Table 2). 
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Table 2. List of genes with expression change over all the five time points of LD treatment 
between WT and CACl-A antisense plants (totally 167 genes): 
Expression Change at Time (hr) 
No AffylD 0 0.5 1 12 Putative Function 
Expression down-regulated in CAC1-A antisense plants 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
15125_f_at -22.66 -11.70 
20227_s_at -10.30 -13.10 
-8.37 1514l_s_at 
14832_at 
16629_at 
I2916_at 
16569_s_at -467 
15552_at -3 18 
15522_i_at 
16899_at 
15097_at 
18088_i_at 
18081_at 
15372_at 
19887_s_at 
12313 q at -4.16 
17087_at -3.25 
18053_s_at 
12745_at 
18089_r_at 
18086_s_at 
18276~at 
16455_at 
16015 at 
-6 10 
-4 77 
-4 40 
-2.10 
-3.17 
-3.30 
-2.78 
-3.10 
-2.20 
-3.70 
-3.70 
-4.10 
-2.60 
-2.39 
-2.52 
-2.10 
-2.70 
-7.77 
-520 
-6.47 
-5 80 
-4 25 
-3 58 
-3.80 
-2.80 
-2.30 
-2.80 
-2.46 
-3.19 
-2.10 
-2.30 
-2.30 
-2.10 
-2.20 
-2.18 
-2.09 
-2.30 
-2.20 
-2.07 
-2.38 
-8.80 
-2.86 
-4 70 
-3 23 
-3 56 
-3 69 
-3 10 
-3 10 
-320 
-2.50 
-2.80 
-2.80 
-3.00 
-2.70 
-2.25 
-2.70 
-2.50 
-2.50 
-2.37 
-2.27 
-2.36 
-2.17 
-2.30 
-5.80 
-5.80 
-4.20 
-510 
-360 
-3 20 
-2.89 
-3 90 
-3 20 
-2.08 
-3.20 
-286 
-2.56 
-2.00 
-2.20 
-2.00 
-2.30 
-2.10 
-2.00 
-2.40 
-2.30 
-2.37 
-230 
-2.06 
Expression up-regulated in CAC1-A antisense plants 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
6.60 
980 
7 18 
610 
6 90 
4 10 
5.30 
3.10 
25.50 
17.90 
20421_at 
12574_at 
13645_at 
18888_at 
17899_at 
I6914_s_at 
15116_f_at 
12879 at 
20269_at 
19546_at 
14016_s_at 
19614_at 
19019_i_at 
16038_s_at 
18267_at 
15779 o at 
14015_s_at 
16638_at 
15137_s_at 
20641_aF 
13100_at 
20422 a at 16.42 
15778 at 13.00 
2768 105.28 81.40 34.00 
97.27 
73 80 
83.31 
59 71 
77 21 
5160 
7230 
59.41 
31.78 
37.62 
87 00 63 50 
49.30 50 10 
10.79 26.90 
3.30 46.85 
2.10 
17.20 
6.31 
3.49 
6.30 
3.10 
11.30 
3.50 
13273_at 
14882_at 
12989_at 
13215_at 
13565_at 
17548_s_at 
19840_s_at 
13015 s at 
2.50 
4.96 
8.00 
333 
6 50 
4 50 
2 60 
8 28 
9.40 
24.30 
29.23 
35.62 
27.51 
34.60 
25.70 
25.80 
20.35 
15.76 
16.30 
23.52 
24.17 
28.61 
23.08 
19 96 
21 70 
11 60 
66 03 
3528 
32.10 
60 81 
52.30 
35.42 
29.67 
33.23 
26.84 
31.86 
6.40 
38.70 
27.34 
38.97 
18.96 
16.11 
9.90 
18.97 
14.58 
14.39 
30.49 
18.78 
18.57 
2446 
18.88 
1341 
20.11 
20 50 
9 16 
3290 
25 10 
22.60 
14.60 
16.40 
24.50 
25.70 
24.60 
25.80 
37.15 
14 60 
27.50 
3.30 
16.90 
27.50 
7.70 
9.08 
12.70 
17.70 
22.90 
13.80 
10.20 
11.30 
8.90 
3.70 
11.50 
10.80 
-35.10 Arabidopsis thaliana mRNA for vegetative storage protein, comi: 
-10.80 Arabidopsis thaliana gene for f-AtMBP. complete cds 
-8.10 Arabidopsis thaliana mRNA for vegetative storage protein, come 
-5.67 tyrosine transaminase like protein 
-2.51 Arabidopsis thaliana hydroperoxide lyase (HPL1 ) mRNA. compli 
-3.46 Arabidopsis thaliana coronatine-induced protein 1 (CORI1) mRP* 
-4 49 Arabidopsis thaliana lipoxygenase (Lox2) mRNA. complete cds 
-5.20 putative protein 
-4.26 putative protein 
-3.80 Putative photosystem II 5 KD protein; Location of EST 315F9T7 
-3.70 Arabidopsis thaliana Lhcb6 prolan (Lhcb6) mRNA complete cd: 
-3.20 Arabidopsis thaliana mRNA for photosystem I subunit IV precurs 
-3.30 Arabidopsis thaliana mRNA for photosystem I subunit VI precurs 
-3 10 A thaliana plastocyanin gene, complete cds. 
-2.68 Arabidopsis thaliana clone 050212, putative AT 103 mRNA. pari 
-2.66 putative pectate lyase 
-2.67 Arabidopsis thaliana photosystem I PSI-N mRNA. nuclear gene 
-2.60 Arabidopsis thaliana mRNA for PSBY (Ycf32-related chloroplast 
-2.20 putative fructose bisphosphate aldolase 
-2.80 Arabidopsis thaliana mRNA for photosystem I subunit IV precurs 
-3.20 Arabidopsis thaliana mRNA for photosystem I subunit II precursi 
-2.30 unknown protein; similar to EST dbj|AV553328.1 
-2.60 unknown protein 
-2.10 Arabidopsis thaliana mRNA for geranylgeranyl reductase. 
105.40 Arabidopsis thaliana germin-like protein (GLP9) mRNA. partial c 
83 61 A thaliana mRNA for SRG2At (147bp) 
58 80 EST gb|ATTS0295 comes from this gene 
49 27 Is a member of the PF|00903 gyloxalase family ESTsgb|T4472 
7910 hypothetical protein 
59 68 osmotin precursor 
32 30 Arabidopsis thaliana peroxiredoxin TPx2 mRNA. complete cds 
16 36 Arabidopsis thaliana AIG1 mRNA. complete cds 
37.50 putative pectinesterase 
33.75 putative endoxyloglucan glycosyltransferase 
17.70 Sequence 29 from Patent W09813478 
39.82 Highly similar to annamyl alcohol dehydrogenase. gi| 1143445 
9.10 Athaliana mRNA for SRG2AI (186bp). 
60.50 Arabidopsis thaliana glycine rich protein (RAB18) gene, complet 
20.70 unknown protein 
16 90 Athaliana mRNA for ZAT7 protein 
18.22 Sequence 21 from Patent W09813478 
26.52 Arabidopsis thaliana putative zinc finger protein (PMZ) mRNA. c 
10.40 Arabidopsis thaliana blue copper-binding protein II mRNA comp 
35.80 Athaliana mRNA for LEA76 typel protein. 
27.94 putative cytochrome P450 
19.38 Arabidopsis thaliana germin-like protein (GLP9) mRNA partial c 
22.46 Athaliana mRNA for ZAT7 protein. 
10.08 Arabidopsis thaliana heat shock transcription factor 4 (AIHSF4) i 
18.90 putative protein 
16.82 putative cytochrome P450 
8 79 Arabidopsis thaliana S-adenosyl-L-methionine trans-caffeoyl-Co 
8 43 auxin-responsive GH3-like protein 
21 61 Arabidopsis thaliana senescence-associated protein (SAG26) m 
6 99 Strong similarity to F19I3 2 gi|3033375 putative berberine bridge 
9 40 Athaliana mRNA for ZAT12 protein. 
184 
Table 2. (continued) 
Expression Change at Time (hr) 
No AffylD 0 0.5 1 6 12 
56 20420_at 7 95 1436 10 17 1450 12.90 
57 17907_s_at 3.50 15.89 13.07 13.90 12.12 
58 20356_at 9.20 19.72 12.94 6.39 8.76 
59 19171_at 210 10.40 12.70 2247 9.30 
60 13919_at 11.75 11.57 10.47 11 10 11.86 
61 16721_at 2.34 15.63 9.61 15.10 12.75 
62 16364_at 10.40 10.98 10.15 9.90 13.70 
63 19451_at 13.40 14.06 10.20 706 9.36 
64 13627_at 8.60 16.17 10.26 11.40 7.31 
65 12487_at 4.50 10.90 11.90 6.90 18.80 
66 14609_at 210 14.65 14.88 8.70 11.33 
67 12216_at 13.83 8.40 9.66 5.90 11.60 
68 17775_at 3.17 15.00 10.20 12.80 5.60 
69 17484_at 3.70 8.40 9.78 9.30 14.48 
70 16063_s_at 3.00 7 80 8 50 17.90 8.10 
71 16173_s_at 2.80 13.59 10.74 8.80 9 30 
72 20194_at" 4.40 19.01 10.45 4.50 6.86 
73 13370_at 4.49 9.35 11 56 8.50 10.54 
74 17417_at 458 7.33 7.01 1002 13.60 
75 17533_s_at 3.57 11.65 7.79 9.77 9.09 
76 14032_at" 270 9 70 15.10 4 00 10.00 
77 13284_at 580 6.20 380 6.90 18.40 
78 17894_at 2.60 10.70 11 60 8.39 7 17 
79 13381_at 538 8.35 6 94 8.38 1027 
80 20189_at 4 00 8 90 11 27 6.70 736 
81 15672_s_at 356 7 99 7.69 8.34 906 
82 13115_at 3.70 12.90 7.20 2.96 9.80 
83 19178_at 2.50 7.80 8.50 7.66 9.60 
84 12698_at 5.30 3.70 6.50 6.70 11.60 
85 16465_at 3.70 12.10 5.80 4.90 7.20 
86 18263_at 3.70 8.06 6.63 6.48 8.50 
87 15120_at 5.60 6.77 4.77 581 9.59 
88 13908_s_at 3.59 8.00 12.10 3.69 4.20 
89 20479_i_at 5.01 4.61 8.70 9.10 3.90 
90 17854_at 5.10 7.34 4.80 5.70 6.97 
91 19991_at 2.80 11.10 9.09 2.36 4.40 
92 15496_at 2.20 10.40 7.70 3.80 5.60 
93 13285_at 3.00 3.70 3.60 6.69 12.60 
94 14780_at 5.83 5.69 5.10 4.50 8.20 
95 14924_at 2.76 7.15 8.10 4.40 6.29 
96 18660_at 3.80 5.23 6.02 5.90 7 56 
97 15622_s_at 2.00 7 90 8.10 3.40 630 
98 14H6_at 2.80 2.88 3.30 6.70 11 00 
99 17595 s at 2.70 5.05 4.10 6.40 8.13 
100 19462_at" 3.88 6.59 4.62 5.00 6.27 
101 16059_at 290 5.70 7 59 520 4 80 
102 15199_s at 3.70 6.20 5.90 4 00 630 
103 18597_a? 367 5 80 5 75 7.10 3.78 
104 15665_at 340 3 20 2.08 1360 3.65 
105 19646_at 280 6.59 6.35 4.19 5.99 
106 13219_at 2.30 640 5.10 6.90 520 
107 17109_s_at 3.00 3.48 4.50 7.40 7.10 
108 18298_at 5.50 5.30 4.90 2.90 5.30 
109 16053_i_at 2.19 6.76 5.60 3.90 5.24 
110 13277_i_at 2.10 4.56 4.30 8.80 3.90 
111 17781_at 3.92 4.62 4.07 4.90 6.09 
112 15695_s_at 2.79 3.70 3.95 4.94 8.15 
113 15680_s_at 2.98 4.48 4.90 6.50 4.10 
114 14310_at 2.50 4.05 4.86 5.40 6.05 
115 13680 at 6.18 3.40 3.56 4.60 4.47 
Putative Function 
putative chitinase 
unknown protein 
putative glutathione S-transferase 
Arabidopsis thaliana complete chromosome II. complete sequer 
Similar to gb|X16648 pathogenesis related protein from Hordeur 
putative poly(ADP-ribose) glycohydrolase 
Similar to Arabidopsis luminal binding protein (gb|D89342) 
Similar to F4I1.26 putative beta-glucosidase gi|3l28l87 from A 
putative Na+/H+-exchanging protein 
Arabidopsis thaliana chromosome II BAC F14M4 genomic sequi 
putative cytochrome P450 
unknown protein 
Similar to glucose-6-phosphate/phosphate-translocator (GPT) gl 
Athaliana SRG1 mRNA. 
Arabidopsis thaliana AtERF-1 mRNA for ethylene responsive ele 
Arabidopsis thaliana mRNA for cytochrome P450 monooxygena 
unknown protein 
Strong similarity to Dsorl protein kinase gb|D 13782 from Drosoj 
Strong similarity to Sari GTP-binding protein gb|M95795 from A 
Arabidopsis thaliana xyloglucan endotransglycosylase-related pr 
cytochrome P450-like protein 
Arabidopsis thaliana mRNA for heat shock protein 70 
unknown protein 
NAM (no apical menstem)-like protein 
unknown; similar to EST gb|AA598098 
Arabidopsis thaliana arabinogalactan-protem (AGP2) mRNA, co 
ESTs gb|U75592,gb|T13956.gb|T43869 come from from this ge 
Arabidopsis thaliana mRNA for blue copper binding-like protein. 
Similar to Beta integral membrane protein (gb|U43629) EST gb| 
A.thaliana mRNA for Hsc70-G8 protein, partial. 
unknown protein 
Arabidopsis thaliana Columbia glutamate decarboxylase (GAD) 
Sequence 23 from Patent W09813478 
Arabidopsis thaliana cytochrome P450 (CYP79B2) mRNA. parti; 
caltractin-like protein 
hint-like protein 
putative glucosyl transferase 
Athaliana heat shock protein 83 mRNA, complete cds. 
Arabidopsis thaliana chromosome II BAC T19C21 genomic seqi 
Arabidopsis thaliana chromosome II BAC T1B3 genomic sequer 
hypothetical protein 
Arabidopsis thaliana AtSS-2 strictosidine synthase (SS) mRNA. 
contains similarity to sugar transporters (Pfam: sugarjr hmm, & 
Arabidopsis thaliana alanine:glyoxylate aminotransferase 2 horn 
Arabidopsis thaliana receptor-like kinase LECRK1 (LECRK1) ge 
Arabidopsis thaliana APK2a mRNA for protein kinase, complete 
Arabidopsis thaliana atAO-1 mRNA for aldehyde oxidase, com pi 
berberine bridge enzyme-like protein 
Arabidopsis thaliana putative c2h2 zinc finger transcription factoi 
homeodomain transcription factor (ATHB-7) 
Arabidopsis thaliana CHIV gene 
Arabidopsis thaliana beta-glucosidase (GLUC) mRNA, complete 
1 -aminocydopropane-1 -carboxylate synthase-like 
Arabidopsis thaliana GST11 gene. 
Arabidopsis thaliana mRNA for heat shock protein 17 6A 
ABC transporter-like protein 
Arabidopsis thaliana histone H1-3 (His1-3) mRNA. complete cds 
Arabidopsis thaliana ATPK19 mRNA for nbosomal-protein S6 ki 
putative phospholipase 
Arabidopsis thaliana lipoxygenase mRNA, complete cds. 
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Table 2. (continued) 
Expression Change at Time (hr) 
NO AffylD 0 0.5 1 6 12 
116 20051_at 276 4.10 4.10 5.90 4.60 
117 14931_at 4.27 5.04 4.45 4.18 327 
118 14408_at 2.10 290 7.17 5.00 400 
119 18121_s_at 2.10 6.61 4.96 4.33 2.95 
120 18946_at 3.97 5.35 4.40 4.25 2.97 
121 13920_at 4.78 4.40 4.40 3.00 3.60 
122 19390 at 3.51 5.06 3.07 4.01 3.92 
123 19137_at 2.19 7 70 4 19 2.53 2.86 
124 17303_s_at 2.70 388 5 50 2.50 4 69 
125 15582_s_at 3 20 3.68 3.78 329 5.10 
126 16031_at 4.20 3 76 4 16 2.19 465 
127 16810_at 4.32 345 402 4.60 2.39 
128 15670_s_at 3.96 3.00 265 6.00 3.07 
129 20382~s at 2.00 3.90 4.29 3.05 5.10 
130 18194_i_at 203 5.29 4.31 4.21 2.19 
131 17860_at 249 4.50 240 3.29 5.06 
132 15005_s_at 3.28 273 4.38 4.23 3.11 
133 18544_af 3.56 3.28 2.98 2.47 5.28 
134 14030_at 2.00 244 3.15 5.89 3.30 
135 17121_s_at 3.26 4.21 2.80 2.80 3.47 
136 14643_s_at 2.10 3.50 3.82 2.40 4.65 
137 19704_i_at 4.79 3.29 2.66 3.10 2.60 
138 20142_at 258 2.80 4.30 2.10 4.60 
139 18662_s_at 2.60 2.96 2.90 4.30 3.60 
140 19946_at 2.05 3.00 5.60 2.10 3.09 
141 20462_at 260 3.05 3.68 3.05 3.33 
142 17967_at 216 287 3.32 3.46 3.71 
143 14884_at 2.47 230 2.06 5.71 2.95 
144 12772_at 2.70 2.40 2.90 2.90 4.50 
145 19531_at 2.56 3.80 3.18 2.63 3.20 
146 16391_at 3.25 3.67 3 15 2.82 2.44 
147 I4896_at 2.44 2.58 204 5 50 2.43 
148 18591_at 2 20 2 76 340 2.40 360 
149 18217_g_at 3.20 230 4 20 2.60 2 00 
150 13789_at 3 20 200 2 70 290 320 
151 19894_at 2 77 2.05 2.70 3 70 2.70 
152 I6940_g_at 2.07 3.20 3.00 2.30 3.20 
153 12760_g_at 2.50 2.40 2.29 2.60 3.90 
154 15004_at 2.40 2.50 2.30 2.80 3.50 
155 15919_at 210 297 2.87 2.76 2.50 
156 13351_at 2.13 3.36 2.96 2.53 2.17 
157 16198_at 254 3.55 2.05 2.69 2.15 
158 15617_s_at 200 206 2.67 2.67 3.30 
159 20579_at" 214 262 2.23 2.51 3.06 
160 15586_s_at 2.10 2.07 2.30 2.50 2.90 
161 16103 s at 240 2.10 2.10 2.30 2.46 
(pression down- and up-regulated in CAC1-A antisense plants 
162 15098_s at -3.93 27.80 23.90 9.60 10.60 
163 12815_at -2.57 3.99 4.90 3.50 4.30 
164 17010_s at -2.40 5.20 233 5.79 2.00 
165 15656_at -2.00 3.25 3.80 4.14 3.69 
166 14723_f_at -3.30 2.70 3.40 4.73 350  
167 13896 at -2.47 3.10 3.80 2.00 3.50 
Putative Function 
Similar to Saccharomyces hypothetical protein YOROSIc (gb|Z4i 
putative mutT domain protein 
Unknown protein; location of EST gb|N97071 
Arabidopsis thaliana complete chromosome II. complete sequer 
A. thaliana mRNA for peroxidase ATP24a. partial. 
EST gb|AA597511 comes from this gene. 
unknown protein 
Athaliana ATAF1 mRNA. 
Arabidopsis thaliana chromosome II BAC T19C21 genomic seqi 
Arabidopsis thaliana mRNA for alternative oxidase 
Athaliana mRNA for ferntin 
putative polygalacturonase 
Arabidopsis thaliana branched-chain alpha-keto acid decarboxyl 
putative WRKY-type DNA-binding protein 
glucuronosyl transferase-like protein 
putative protein 
Arabidopsis thaliana chromosome II BAC T27E13 genomic seqi 
Strong similarity to F19I3 8 gi|3033381 putative UDP-galactose-
Arabidopsis thaliana chromosome II BAC T6P5 genomic sequer 
Arabidopsis thaliana MEDEA (MEA) mRNA complete cds 
A thaliana transcribed sequence; clone RAR047, complete Sirr 
Arabidopsis thaliana Sqpl;2 mRNA for squalene epoxidase (hor 
extra-large G-protein-like 
unknown protein 
Arabidopsis thaliana chromosome II BAC F27L4 genomic seque 
Arabidopsis thaliana putative protein kinase PK1 (PK1) gene, pa 
protein kinase 6-like protein 
putative protein 
Strong similarity to gb|D14550 extracellular dermal glycoprotein 
amino acid transport protein AAT1 
receptor protein kinase-like protein 
SCARECROW-like protein 
Athaliana ATAF2 mRNA. 
Athaliana mRNA for salt-tolerance zinc finger protein 
Arabidopsis thaliana mRNA for GA 2 oxidase, gene ga2ox2 
Arabidopsis thaliana mRNA for Succinate dehydrogenase flavop 
putative synaptobrevin 
Strong similarity to gb|D 14550 extracellular dermal glycoprotein 
putative microtubule-associated protein 
EST gb|AA721821 comes from this gene. 
CTP synthase like protein 
Arabidopsis thaliana chromosome II BAC T11P11 genomic seqi 
Arabidopsis thaliana synaptobrevin-related protein (SAR1) mRN 
Arabidopsis thaliana Afunctional nuclease bfnl (bfnl) gene, con 
Athaliana mRNA for ABM protein 
Arabidopsis thaliana 14-3-3 protein isoform GF14 nu mRNA. coi 
Arabidopsis thaliana senescence-associated protein mRNA cor 
putative protein 
Arabidopsis thaliana chromosome II BAC F5H14 genomic sequt 
Arabidopsis thaliana homogentisate 1.2-dioxygenase mRNA co 
Arabidopsis thaliana AP2 domain containing protein RAP2.3 mR 
Strong similarity to trehalose-6-phosphate synthase homolog gb 
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APPENDIX B. SOME DETAILS AND INTERMEDIATE RESULTS OF CDNA 
MICROARRAY DATA ANALYSIS 
In Chapter 2, cDNA microarray experiments were carried out to investigate the 
differences in global gene expression between WT and CACl-A antisense plants; however, 
the focus is on the results of the microarray experiment. Here, I provide some details and 
intermediate results of the microarray data analysis. The following results are based on the 
data set (log-transformed) described in Chapter 2, containing 9,620 cDNA spots, 
corresponding to 9,513 unique cDNAs (the original data sets are available with ExpID 12298 
and 12299 at: http://genome-www5.stanford.edu/MicroArray/SMD/). cDNA microarray 
analysis was also the research project for my study in Statistics. Parts of the methods and 
results described below have been presented in my creative components to fulfill the 
requirement of my Statistics study. 
Evidence of spatial effects and spatial correlation of microarray data 
Each microarray contains 32 
sectors; each sector contains 20 
columns and 19 rows. Each sector is 
printed by one print-pin, and 380 
printing times are needed to fill the 
whole array. The set-up of the 
microarray is shown to the right: 
1 2 3 4 
5 6 7 8 
9 
... 
29 ... 32 
Sector 3 Sector* 
Sector? Sector 8 
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Assume genes are randomly spotted on the microarray, then we expect a similar mean 
intensity for each sector and the observed intensity of each gene should be independent of 
each other. The following figure shows the different mean intensity for each sector and the 
correlation (correlation coefficients between gene intensities of every two columns of the 
microarray were calculated and then averaged over the distance between the columns) in 
microarray data (shown is the green channel data of array 1 as a representative): 
V 
_ Sector Sector 
y 
1 S 
Lf : 
OA « 
3 ; 
Distance between Columns 
Distance Between Columns 
ANOVA model to adjust spatial effect 
The following model was used to fit each channel of data to adjust the spatial effect 
and spatial correlation in microarray data, this model also adjust systematic biases due to 
array, dye and sample: 
ysp = ju + Sectors + Pr intp + esp c=> esp 
Here s = 1, 2,..., 32 for sector;p = 1,2,..., 380 for print. The resulted esp is the normalized 
intensity for each gene spot. 
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After adjusting the effects due to sector and print, the spatial correlation in microarray data is 
removed: 
.2 0 
1  
?* 
< 
T — — * "  
Distance between Column# , 
Distance Between Columns 
Adjustment of spreading magnitude of expression change fold 
The two arrays are a replicate of each other with dye swapped, thus we expect that the 
log-ratio of intensity of red/green for array 1 (fci) is similar to that of green/red for array 2 
(fc2). In this experiment, although these two log-ratios are highly correlated, their spreading 
magnitudes are quite different: 
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To adjust the spreading of the log-ratios from the two duplicated arrays. I assumed 
the log-ratio of intensity of red/green for array 1 (/c/) and green/red for array 2 (fc:) follow a 
normal distribution a2 <f and b2<f. respectively, with cr the true variance for the ratio. The 
maximum likelihood estimates of a and b were estimated under the restriction of ar+b2 = 2, 
thus the total variance keeps constant. Then, 
cr = b2 =- <=/  
t-l 
E/c;, 
I= /  l=f 1=1 
a and b were estimated to be 0.16 and 1.86. respectively. After adjusting the spreading, the 
magnitude offa and/cj are similar: 
f\| o -
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